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Introduction 

The papers includud In this fln^l report describe In 

detail the research on stimulated Raman emission and absorp- 

tion, as well as on normal Raman spectroscopy, carried out at 

the Department of Physics» university of Toronto in the period 

1 June 1965 to 31 August 1969. 

The main research centred on the comparison of experi- 

mental gain measurement? with theory.  Towards this end, 

materials were chosen in which the stimulated Raman effect 

was the dominant process.  Those included liquid 0-, U   ,   and 

a crystal of diamond.  The normal Raman linewidths were mea- 

sured using He-Ne 6328 A excitation and a Fabry-Perot 

spectrometer.  Intensities of normal and stimulated Stokes 

radiation were measured and very good agreement with theory 

was obtained. 

Several problems concerned uith the angular distribution 

of Stokes and anti-Stokes radiation were undertaken.  Diamond 

was found to be an ideal material for this study.  Again, the 

results were In good accord with theory.  Mso,  surface' 

radiation in the Raman emission from filaments was observed 

In liquid mixtures and this showed the same angular distri- 

bution as Cerenkov radiation. 

A brief study of the duration time and birefrligence of 

filaments in liquid CS- was undertaken.  Also, frequency 



ii, 

= 

broadening by a short light pulse was investigated and ex- 

plained by phase modulation of the intensity-dependent re- 

fractive index in filaments». 

Techniques were also developed which may be of impor- 

tance in Raman spectroscopy.  Raman scatterlno in the forward 

direction was shown to be. free from Doppler broadening and -n 

effective resolution of . 0.04 cm  was achieved.  This is a 

factor of 10 improvement over earlier work.  High-speed Raman 

spectroscopy was shown to be possible using the inverse Raman 

effect and complete Raman spectra of liquids and solids were 

phctographed in times as short as AC x 10   sec. 
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FREQUENCY BROADENING IN LIQUIDS BY A SHORT LIGHT PULSE» 

Fujlo Shimizut 
Department of physics, University of Toronto, Toronto, Canada 

(Received 15 September 1967) 

Several authors have reported the observa- 
tions of frequency broadening in filaments which 
were produced by the self-focusing of a Q- 
sw.tched laser in liquids.1** This broadening 
has been attributed to the generation of new 
frequency components through an intensity-de- 
pendent refractive index and stimulated Ray- 
leigh scattering.1*4 Theories of the frequen- 
cy broadening in an optical pulse by an inten- 
sity-dependent refractive index have been giv- 
en in connection with the pulse distortion.''* 
But comparison of experiment with theory has 

been difficult, because the broadening is usu- 
ally irregular and the observation of the spec- 
trum in filaments is obscured by the strong 
background.  We report here the observation 
of the frequency broadening in a filament with 
short duration time, under such experimental 
conditions that the intensity of the stimulated 
Raman emission ir the filament is much less 
than that of the laser. The structure of the 
frequency spectrum shows a pattern which can 
be explained by phase modulation through the 
intensity-dependent refractive index. 

JX525 1-4 1097 
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A ^-switched ruby laser beam with diamo- 
ter 3mm was used to produce filaments In 
a carbon disuUide liquid cell of 7.5 cm length. 
The intensity distribution of the Ugh» at the 
end of the cell was pi-ojecled on the entrance 
silt of a spectrometer using a 5.2-cm focal- 
length tens with magnification of 17. In order 
to eliminate the nonscattered part of the laser 
beam from that in filaments, a wire with di- 
ameter of I mm wj.s placed at the focusing point 
of the lens perpendicularly to the slit of the 
spectrometer. The entrance slit was wide open 
(about 2 nvr,). The resolution of the spectrum 
was determined from the magnitude of the im- 
age of the filament.  The laser beam was com- 
posed of four or five groups of axial modes, 
the separation of the groups being approximate- 
ly 0.45 cm"1. With this mode structure the 
Intensity of the laser beam changes consider- 
ably within the time interval l/Ai> where At* 
is the total spectral width. Therefore at rel- 
atively low laser power the duration time of 
the filament Is expected to be 10~u sec or less. 
(In the present experiments the laser power 
was kept lower than 50% above threshold for 
observations of optical trapping.) The total 
energy of a filament estimated from the photo- 
graphic emulsion sensitivity Is less than IP~T 

J. Since the threshold for optical trapping In 
carbon disulfide Is approximately 2 to 29 kW,T 

this energy also leads to a duration time of 
the order of I0"u sec. 

Typical spectra of the individual filaments. 
In carbon disulfide ar« shown In Fig. 1.  A 
regular periodic structure Is observed in the 
low-frequency side of the broadening In every 
filament, when the broadening is smaller than 
the Raman shift. The period In a filament In- 
creases linearly with the amount of the broad- 
ening from the center. The average period 
for most filaments Is 10 ±3 cm-1 irrespective 
of the total magnitude of the broadenli.g. The 
ratio between the intensity maxima and mini- 
ma Is at least 10. Most of the energy (about 
90%) lies In the low-frequency side. The over- 
all Intensity is fairly uniform throughout the 
low-frequency side with an inteiislty maximum 
at the low-frequency extremity. In moat cas- 
es an intensity peak is also observed at the 
laser frequency Itself. A periodic str icture 
but with larger spacing in also observed In the 
high-frequency side.  The structure is smeared 
out when the low-frequency broadening is rel- 
atively large. 

6943A 

100 cm*' 
V~* 

F'ID. 1.  S      tra of filaments in CS, excited with a 
single laser pulse. The vertical structure is produced 
by indindual filaments occurring during the pulse. 
The frequency broadening (and periodic structure) is 
displayed in the horizontal direction and is evidently 
different for each filament. The image of the slit and 
the low-frequency side of the spectrum (at left) are at- 
tenuated by factors of 41 and   S, respectively, in com- 
parison with the high-frequency side of the spectrum. 
(Some of the vertical fine structure within each fila- 
ment Is caused by diffraction by the masking wire 
placed at the focus of the objective lens.) 

The regular periodic structure was usually 
observed only when the total spectral width 
of the later radiation was fairly large. When 
filaments were produced by a laser with only 
two axial modes (separated by 0.8 cm"1), the 
spectra of the filaments had a strong nonshlft- 
ed center and were accompanied by a strong 
Raman Stokes spectrum. The structure In the 
spectrum was usually not as regular as observed 
In Fig. I. When a single-mode laser was used, 
only a slight broadening wa observed. 

DeMartini et al.* have discussed pulse dis- 
tortion by the intensity-dependent refractive 
index and have given examples of the numer- 
ical calculation of the frequency broadening 
where the distortion is fairly large. Since the 
amount of broadening in the present experiment 
is at most. 5% of the laser frequency, we IK ve 
treat the frequency broadening in the lowest 
order approximation neglecting the distortion 
of the intensity envelope. We will also discuss 
the mechanism of the periodic structure observed. 
The frequency broadening occurs through the 
phase modulation which Is the result of the 
inhomogeneous phase velocity within a pulse. 
After a light pulse travels a distance L in the 
liquid, Its phase is modulated by the Intensi- 
ty-dependent refractive Index, as 

Ö^ = (-V'w0)i
ö«. 

where k0 is the wave vector of the Initial laser 
beam in vacuum and öH IE the change In the 

10S8 JX525 2-4 
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refractive index given by 

-(.'-/')/T 

In the above expression r is the relaxation time 
and ttj^E1) is the stationary value of the inten- 
sity-dependent refractive index.  As an extreme 
case, if T = 0, the instantaneous frequency shift 
(Hup ill is proportional to ~(l(jt2}/ill and the fre- 
quency broadening occurs on either side of the 
center frequency.   On the other hand, if T is 
sufficiently large, rfov- dl is proportional to 
-sE') and the frequency broadening occurs on- 
ly io the low-frequency side.  The explanation 
uf the periodic structure follows from a gen- 
eral consideration of a phase modulated wave. 
When the broadening is much larger than the 
inverse of the duration time of a pulse, the 
main contribution to the Fourier transform 
olE(l), /£(.')exp{-/(w0+6u>)/}rf/, at a particu- 
lar -".ngular frequency u)0 + öü» comes from the 
integrals around the points at which the instan- 
taneous frequency shift dbm/dt is equal to 6u>. 
For a pulse with a simple intensity envelope 
the condition dbp/eli - öu> Is satisfied at two 
points /j and /,, for öa> <0. If we write values 
of integrals for these two parts as /j exp(/ii j) 
and/,exp((>i2), respectively, the power spec- 
trum Is proportional to /1

i + /ja + 2/l/jCos(^2- 
dj), where ^j-^ is expressed approximately 
by 

41-it1*{ö<^('J)-Wl)}-(/a-/i)öw. 

The right-hand side of this expression is a 
steadily Increasing function of 5u,' with positive 
second derivative.  Therefore the interference 
term, 2/l/,cos(ia-i1), produces a periodic struc- 
ture in the spectrum with Increasing spacing 
towards the low-frequency side. It can also 
be shown that the spectrum has its intensity 
maximum at the low-frequency extremity where 
the derivative of d(*p/dt equals zero. If the 
pulse is symmetric, the minimum intensity 
in the periodic structure will be exactly zero. 
Although this is not tue case for the pulses 
in Fig. 1, we may conclude that the pufse is 
not extremely asymmetric, because the ob- 
served ratio between the intensity maxima and 
minima is at least 10. The duration time of 
the filament is approximately the inverse of 
the average period in the low-frequency side, 
and Is determined to be 6* 10~u sec. The high- 
frequency side can also be periodic, if T is 

short enough compared with the duration time 
of the pulse. 

In order to determine precisely the behavior 
of tie broadening, more accurate measurements 
are necessary.  Several factors, such as the 
temporal change in the intensity of the pulse 
and the deviation from the assumption of the 
simple relaxation time, which are not includ- 
ed in the above analysis, should be taken into 
account.  A pulse with shorter duration time 
would be useful in order to study the dynamic 
behavior of the intensity-dependent refractive 
index in liquids. 

It should be noted that among the liquids in- 
vestigated (carbon disulfide, toluene, benzene, 
nitrobenzene, and mesltylene), the regular 
periodic patterns were observed in every fil- 
ament in carbon disulfide only (also in some 
filaments in toluene).  In all of these liquids, 
except carbon disulfide, a strong stimulated 
Raman emission was observed in each linear 
filament and the laser spectrum was either 
broad and irregular or very narrow.  These 
observations can be explained if in carbon di- 
sulfide the laser pulse is not distorted appre- 
ciably by other nonlinear effects, such as stim- 
ulated Raman scattering, during the process 
of frequency broadening. In comparison with 
the other liquids, carbon disulfide has a large 
intensity -dependent refractive index (and the 
relaxation time for the relevant process is 
short). On the other hand, carbon disulfide 
has a relatively large gain for stimulated Ra- 
man scattering. However, this large gain is 
mainly due to the extremely narrow linewldth 
(-0.48 cm-1).* When the stimulated Raman 
effect is excited by a pulse with a duration short 
compared with the relaxation time for the Ra- 
man process, the amplification is determined 
by the Raman cross section which is not so 
large in carbon disulfide compared with that 
in other liquids.   Furthermore, since carbon 
disulfide has a large dispersion, the laser and 
Raman Stokes waves cannot long retain their 
favorable phase relation for maximum ampli- 
fication of the Stokes wave.   For these reasons, 
it is believed that distortion of the laser pulse 
is a minimum in carbon disulfide and results 
in the observed frequency broadening. 

The author is groatly indebted to Professor 
B. P. Stoicheff for valuable discussions and 
for assistance with the manuscript and to Mr. 
A. K. McQuillan for assistance with some of 
the experiments. 

JX525 3-4 1099 
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Angular Distribution of "Surface" Radiation in Stimulated 
Raman Scattering 

.•1.'>s/rafi'—-Ami-Stokes emission in sharply defined cones has 
been observed from fine filaments in a mature of acetone with S to 
10 percent CSj. The cone angle is in agreement with the momentum- 
matching condition 'T:at the tongitudinal but not the transverse 
components sum to zero. 

The emission of antl-Slokea radiation during tho stimulated 
Rsmsn procras is known to occur in two specific dtreetiona! distribu- 
tions wliicb are strongly dependent on the oxperhnental conditions, 
One typo, the Class I distribution, has been observed in eau-ito.l'l 
i'i diamoiu!,!2! and in several Siquidsl5' when suitable feedback of 
Stokes radiation is pr^ent, and is in good agreement with theory, 
A second distrib'Oion (Class II) has been observed in many 
liiiuidsjl'l'd! it occurs at larger angles than the Class I but is not 
«ell understood, 

A distribution of anti-Stokea emission different frem Class I and 
nrising from "surface" radiation has been proposed by Szdkc.l'i In 
stimulated Raman emission, "surfaot" radiation at the anti-Stokes 
frequency may be genentted from laser and forward-Uireeled Stokes 
radiation. The anti-Stokes emission is at an angle 9, given b; the 
equation 

A-, cos ß = 2ka — t., (1) 
where k,,, k i a;ul k, are the wave vectors of the laser and iiret-order 
Stokes and ant:-Stokci radiation. This relation implies that the: 
longitudinal, but not the transvotso, components of the phase 
velocities sum to xero,''! a condition which could be satisfied »nen 
Stokes radiation is strongly directional and parallel to Ihe incident 
laser wave,!8! as would be the ease for Stokes radiation la a filament. 

We report here tho observation of "surface'' radiation in stimu- 
lated Hainan scattering with mixtures of acetone and carbon 
disulfide. We have observed flret-order anti-Stokes emission in 
sharply-defined »Mies in the forward direction at the angle 9 given 
by (l). At the 8an-,i time, first-order Stokes radiation has been 
observed in very fine filaments produced by self-trapping of the 
radiation. The radiation ««ed in these experiments wea produced 
by a giant-pulse ruby laser. The laser pulses jad a duration of ~40 
ns, a power output of ~5 MW and a spectrum composed of one 
strong axial mode with one or two weaker modes. The liquids used 
were pure acetone ant! various concentrations of cwbon disulfide 
in acetone, in cell lengths of 10 nui 20 cm. 

In pure acetone, usually only Class I distribution of anti-Stokes 
radiation was produced. An example of the far-field "ring" pat- 
tern is shown in Fig. I(a\ When a small amount (ö to 10 per- 
cent by volume) of carbon disulfide is added to acetone, the angular 
distribution t» completely changed. Near threshold, it usually 
consists of a sharp ring (Fig. l(ci)) whose diameter is close to that of 
surface radiation given by t'l). At higher excitation the sharp 
ring occurs together with a broad .^ng of smrller diameter (due to 
Class II radiation) as shown in Fig. 1(b). The half-angle * of the 

Mununcript recttvrd Mu«b 22, 1968. Thi» nwwh i« part ol Project 
UKFKNUEIS »mitt tiai joint ipoiuonhip of the Adnnced Hnnrch Projects 
Amacy. the V, S. Office of N»T«1 Kneucb. and the Uepartmeut of Defense: 
it i« abo supported by the National KeeMrrh Council. Canada, aa-t the 
Vniveraity of Toronto. 

sharp rin^ can be accurately determined and appears to vary 
slightly, from ti.i'i to 6,S X 10-J lad, in liilTcrent photographs taken 
with the 10 percent CSj-arelone mixiure. (The half-anglo of the 
broad ring is '-0,7 X I0'ä tad.) Accor.ling to (I) the angle 8 is 
calculated to be T.o X i0~s rad, based on the available data of the 
refraeiivc index in this mixture,!'! (For pure acetone, (I) gives 
6 = 0.1 X Ki-2rad.i 

Similar cxperinieiits were carried out with eyclohexane, another 
liquid known to emit Class 1 radiation.W In mixturaa with CS», 
again a sharp riiu^ wsis observed, the measured emission angle 
being ti.^ X 10 ■ rad for a .1 parcent CSs niixiure. Comparison with 
the angle for surface radial ion, (1 i, was not possible since refractive 
index data for the mixture are not available, bul for pure eyclohexane 
(1) gh-es 6.S X 10'J rad. 

Near-field photographs taken at the exit end of the cell ((''ig. 2) 
revealed the presence of filaments of laser. Stokes and anti-Stokes 
radiation iu the CS-äceUme mixtures, and their absence in pure 
acetone. Near threshold, the laset and Stokes filaments are of 
comparable intensity arid occur with diatufters of 20 to !tM) ß. The 
corresponding anti-Stokes nhunents appear to have smaller diam- 
eters, 8 to lt'> a; they are of higher intensity when they arise from 
the small diameter Stokes filaments; also the narmwiuws of the 
resulting rings indicates that the prnission region is I to - mm long. 

(0) (b) (ci 

Fig. 1. Far-fietd "linB"" patierns uf anti-iStokes radiatioa iu -a» pure awtune: 
(b) 1C percent C^t-acetooe mixturr above thre^tiotd: ic) 10 percent GSi^eatelSm 
mixture near ttimliold. There is tm ap|>arent difference in the spectrat width 
Cat SP » 2l»2Ü cm"1) fii the HlUi-Stokw »titiuilntv«] ra =ii»ti"n In th) *tA (fi). 

2 mm 

Km. 2. Stimulated Haman etni^ion from a 10 petrent f_>*-aretune mixture. 
(aHbHc) phuUwtmphed BimuUatwfuriy. (a) Nt%r-heM phuUvraph of anti-^tokM 
radiAtton «Itowins Hlament« and awofiftjed "linu" i^attfrm». Tlw diff^rew«« in 
rin« diameter» a» due to the fact that tlu- ^ettt-railns filament» occur at different 
distaana frnm the exit window. (b> Xear<fieli! phut i^raph of Stoke* r^liation 
(approximatetv the «une magniftc&tiou a« {AU, A comparuoa '-f ta) »cd (bi 
«hows that the anti-Stokes rings are nencrated from radiation in the filamenu 
of Bmalint diameter. ic> Far-field photi>((raph of anti-Stokea radiation. 
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rhe loin! wwrgy of Stckw radiation emitted from a small filament 
is (wiin aUil to be ^10""' joule, wliile the oiierty- of anli-Stokes 
tadiation ii< ^lO"1* ionic. The obscrvalioi. of (ilameiiU thus satisfies 
the expcrimeiital condition neewsary for generation of anti-Stokes 
radiation with the dktributieon given 1>J (1). Moreover, with Ihi" 
iiifurmatioii together with the gain in Jicctonel'l and the iatensity- 
depfidonl refractive index of CS;,l''l it can be shown that tiie 
fw.-h mal change of the wave vector due to tho intensity-dependent 
refractive index would decrease the ann'.o 9 by about 10 percent, 
as o'iüerved. 

The broad anti-8tokcs rinus arc alao emitted from filaments, but 
with Htokcti radiation -^ 1(X) titneg as intense as that of the filaments 
giving rise to the sharp anti-Stokea rings. They appear to be pro- 
ducsd in a loiiK emission region approximately 5 to 10 mm. 

At ';fae laaer power levels used in the present experiments only 
stimulated radiation a., ii» •» 2!120 cm-1 was observed in pure 
acetone and in the mixtures with CSj; no stimulated radiation at 
AF «• 0Ö6 cm"1 due to Cut was detectable. The role of the CS. is 
simnly ts produce filaments. 

From the present observations we conclude that the sharp anti- 
Stokee rings arise from "snrfacr" radiation. Not only are their 
diameters in good agreement with the condition that only the 

longitudinal cumponents of the phase velocities sum to zero, but 
they "\rc also observed only in the preneiire of optical filaments :n 
the liquid mixture, 

P. SHIMIS»; 
IT. BACHMANN 

B. P. STOJCBEPF 
Dept. of Physics 

Univcsity of Toronto 
Toronto, Ontario, Canada 
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RAMAN LINEWI^THS FOR STIMULATED THRESHOLD AND 
GAIN CALCULATIONS* 

W. R. L Clements and B. P. Stokheff 
Department of Physics, Univ^rsky ol Toronto 

Turomo 5. Canada 
(Received lit February HI68) 

ünewidths in the normal Raman spectra of several liquids of interest in stimulated Raman scattering have been 
measured including carbon disulfide, ben/ene. toluene, oxygen, and nitrogen. The spectra were excited with 
S328-Ä radiation from a He-Ne laser and examined with a pressure-scanned Fabry-Pcrot interferometer. 

While it has long been known that Raman bands 
of totally symmetric vibrations exhibit extremely 
sharp lines even in liquids and solids, very few 
studies of the normal Raman effect have been con- 
cerned with accurate linewidth measurements. 
However, with the discovery of stimulated Raman 
scattering1 there has been an increasing need for 
such measurements since both the threshold for 
stimulated scattering and the gain are dependent 
on the linewtdths appearing in the normal Riman 
spectra. In the last few years, several linewidth 
measurements for liquids3 and one for a solid' 
(caicite) have been  reported, all making use of 

* I his reseaich a pan o( Projeti DEFENDER undei the joint 
sponsorship of the Advanced Research Projeits Agency, the U.S. 
Office ol Naval P.eseanh. and the Departmem of Defense. Also 
supported bv the National Re<earrh Council. Canada, ami ilu- 
Univenity «I Toronto. 

grating instruments. In the present Letter we de- 
scribe a method for normal Raman linev :dth meas- 
urements which is capable of even highei accuracy. 
Radiation at 6328 A from a He-Ne laser is used for 
excitation of the spectra and a high-resolution 
Fabry-Perot interferometer for measurement. With 
this apparatus, ünewidths of interest in stimulated 
Raman scattering have been measured for several 
liquids including carbon disuifide. benzene, tolu- 
ene, oxygen, and nitrogen. 

The experimental arrangement is shown in Fig. I. 
It is based cm the arrangement rsed by Chiao atid 
StoichelP for Btillouin spectroscopy and is similar 
to systems used by Murray and Javan* and Ducu- 
ing et al.8 lor Raman Stattering with excitation by 
argon-ion lasers, in the present arrangement, the 
He-Ne laser has a power output of 150 mW and a 
linewidili of 0.025 cm ' (full-width at half inten- 
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sily). The 63'i8-Ä radiation is isolated with a lO-A 
band-pass filler and reflecttd into the sample cell. 
For the organic liquids the it'll is a quartz capillary 
2.5 mm in diam and 50 cm in length which acts as 
a light guide tor the incident as well a» i'or the scat- 
tered radiation. For liquid Na and (>, the cell is a 
simple Dewar providing a scattering length of 7 
cm between two Rat windows. Kantan radiation scat- 
tered in die hackward direction is selected with a 
lüO-Ä band-pass filter and analyzed with a pressure- 
scanned Fabry-Perot interferometer. For CS..., O..,, 
and N2 the interferometer spacing was 2.930 mm; 
fcr N4 a larger spacing of 9.943 mm was also used; 
for benzene and toluene the spacing was reduced to 
0.869 mm in order to increase the spectral free 
ra.ige to 5.76 cm"'. Pressure scanning with CQi 
from vacuum to 2 atm provided a chart of four 
interferometer orders when the 2.95-mm spacer 
was used. The measured instrumental widtli (made 
up of contributions from the laser width, Fabry- 
Perot response function for a reflectivity of 0.995, 
and the size of the detector aperture) is 0.050 enr' 
at 6328 A and at almost all of the Raman wave- 
lengths. At the wavelength of the K-, Raman line 
(7423 A) the mirror reflectivity decreased to 0.923 
resulting in a calculated instrumental width of 0.063 
cm-1 with the 2.95-min spacer and 0.038 cm"1 with 
the 9.943-mm spacer. 

In Fig. 2 is shown the GSÖ-cnr1 Raman line of 
CS, in two adjacent orders. The line is relatively 
narrow and symmetric. It is superimposed on a 
broad background made up of overlapping of the 
wings of the line from different orders; in addition, 

«, 

APERTURE              ¥ 
I MM •10»«)  f  
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IF» 150! 

Fig. I.   Experimental ■pparatiu for Raman linewidth meas- 
urements. 

Fig. 2. Inlerferogram cf the 656-cm ' Raman tine of liquid 
CS... Two adjacent orders are shown recorded with an inter- 
ferometer spacer of 0.295 cm. The smooth Mne is the computed 
spectrum. 

several nearby Raman lines (at 045.9 cm ' due to 
CS'-'S14 and at 647.5,652.7 cm ' due to "hot" bands) 
contribute to the low intensity peak observed l)e- 
tween the adjacent orders of the 656-cm"1 line. To 
determine the Raman linewidth the observed spec- 
trum was compared with a computed spectrum ob- 
tained by assuming a Lorentzian line shape and con- 
voluting this with the instrumental profile. Various 
Lorentzian lincwidths were used in the calculations 
until good agreement between the observed and 
computed spectra was achieved taking into account 
the overlap of the different orders. 

Similar computations were carried out for the 
most intense Raman lines in the several liquids 
studied here to obtain the values of full-width at 
half intensity listed in Table I. The estimated errors 
of lha linewidths are approximately 5% of the meas- 
ured widths although slightly larger for CsH6 and 
Of The 992-cln-, line of C»H6 is the broadest of 
those observed and is slightly asymmetric due to 
overlapping by the much weaker lines at 983.6 cm-' 
of C,:,Q2HS and at 998.0 cm"' of a "hot" band. The 
Oj Raman line exhibited the lowest intensity of the 
liquids studied, since the laser radiation falls in the 
region of the strongest absorption band of liquid CX. 

The narrowest Raman line observed is that of 
liquid Hi. equal to 0.067 ± 0.004 cm-1. Its intensity 
profile is shown in Fig. 3 where it is compared with 

Table I. Linewidth Measurements of Totally 
Symmetric Vibratioaai Raman Lines. 

Full-Width at 
Raman Shift Half Intensity 

Liquids (cm') (cm') 

Nitrogen 2331 0.067 ± 0.004 
Oxygen 1555 0.117 ±0.008 
Carbon disulfide 656 0.50  ±0.02 
Toluene 1002 1.94   ±0.07 
Benzene 992 2.1-5   ±0.15 
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Fig. 3. Interferogrun of the Raman line of liquid N. re- 
corded with an inierferometer spacer of 0.295 cm. The smooth 
line is the computed intensity proKle. 

«hat of the computed line. I? may IK- noted that the 
same linewidth was obtained for both forward and 
backward scattering within »he quoted experimen- 
tal error. This value of the linewidth together with 
the relatively high intensity ot the Nj Raman line 
indicates perhaps one of the lowest thresholds for 
stimulated Raman emission and one of the highest 
gains. 

The linewidth of O.'JO cm"1 obtained for liquid 
CS-, is especially noteworthy in relation to the gain 
in stimulated Raman scattering. Although the re- 
cent litera'ure2 gives linewidths as nanow as 0.9, 
1.0, and 1.4 cm"1, the value usually used in gain 
calculations is 3 cm-1. The present measurement 

shows that the linewidth is approximately I/O of 
this value and hence the gain is u factor of 0 larger 
than that quoted in the recent literature.7 

In conclusion we should like to point out that not 
only does this method allow the accurate measure- 
ment of relatively narrow Raman lines in liquids 
(with possible extension to gases and solids) but it 
also provides a means of studying line shapes. 

We are very grateful to G. I. A. Stegeman for 
the computer program used in the analysis. 
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in Liquid 0: and N:^ 
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In liquid O* and Nj the threshold for stimulated Raman emission ia found to be much lower 
than for other nonlinear processes.   Thus it is possible to make reliable measurements of the 
Intensity of Raman emission ovrt a large range of incident laser power by using a simple 
longitudinal geometry.   Several distinct regions of rmission were investigated, including 
normal Raman scattering, exponential gain, onset of oscillation, and saturation.   There ia 
good agreement with theory. 

INTRODUCTION 

ft is well known1-' that the comparison of theo- 
retical and experimental values of intensity and 
gain in stimulated Raman emission Is complicated 
by several competing processes such as self- 
focusing, and Brillouln and Rayleigh scattering, 
all of which may have similar appearance thres- 
holds.   Thus, anomalous intensity behavior in 
many liquids and even in gases4'* and solids7 

appears to be the rule rather than the exception. 
One important consequence is that the premature 
onset of oscillation has precluded the observation 
of the expected exponential gain in most materials, 
with the exception of gaseous hydrogen, liquid 

acetone, and carbon tetrachloride. * Bloembergen 
and Lailemand3'* have overcome some of these 
difficulties by the use of a Raman amplifier and 
have demonstrated its importance in obtaining 
reliable values of the Raman gain.   Other useful 
experimental arrangements in such studies include 
the transverse resonator of Dennis and Tannenwald,' 
the off-axis resonator of Jennings and Takuma,10 

and the diffusely pumped amplifier of Bortfeld and 
Sooy. "  More recently, Shapiro, Giordmalne, and 
Wecht." Bret and Weber, u and Kaiser and Maier14 

have shown that with picosecond and subnanosecond 
laser pulses stimulated Raman scattering is the 
dominant nonlinear scattering process In sev- 
eral liquids, and thus have obtained good agreement 
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wirh theoretical intensities. 
The present investigation of laser stimulated 

Raman emission from liquid O. and Nj arose from 
the results of earlier studies of the spectra of the 
normal and stimulated scattering.   In one, it was 
shown that the lirewidth of the normal RDmun 
scattering was exceptionally narrow '^dk Ur^ a 
large Raman gain15:   in another, cone»   mng the 
stimulated Raman emission, extremely sharp 
spectral lines were observed (Fig. 1) without any 
evidence of broadening. "i thus indicating that self- 
focusing and other scattering processes were not 
prominent.   From these results we concluded that 
possibly the threshold for stimulated Raman scat- 
tering is lower than for the competing processes, 
in which case liquid O, and N2 would be ideal sub- 
stances for experimental study.   Indeed, the pres- 
ent investigation has shown that liquid 02 and R, 
are unique in this respect and no self-focusing or 
stimulated Brillouin scattering has been detected 
up to the highest incident laser power. 

We wish to report our observations of the inten- 
sity of Raman Stokes radiation corresponding to 
the vibrational frequencies 1552. G cm'1 and 2326. 5 
cm*1 of liquid 0? and No. respectively.   A simple 
longitudinal arrangement was used.   The range of 
Raman intensity measurements includes the normal 
emission which varies linearly with incident laser 
power, a region of exponential gain over several 
orders of magnitude, the onset of oscillation with 
feedback by Rayleigh scattering and finally a 
region of saturation and depletion.   The observed 
gain is in good agreement with that calculated 
from our experimentally determined cross-section 
for scattering. 

1552 0 em'' 

02 
N« 

2326.5 cm 

Ns IN* 
FIG. 1. Stimulate 1 Raman spectra of liquid O2 and 

Nj showing the first-order Stokes vibrational lines at 
1552.0 and 232i!.5 cm"1, respectively. The resolving 
power of the grating spoctrograph is 10s. 

APPARATUS AND EXPERIMENTAL PROCEDURE 

The exciting source was a giant-pulse ruby laser 
with a rotating prism at one end, and at the other 
a plane parallel reflector (~2S% reflectivity) of 
Corning 2-58 glass which served as a mode sel- 
ector18 and also as a filter.   The radiation was 
emitted in a single pulse of ~30-nsec duration and 

in a single (or nearly single) axial mode.   Good 
reproduciblllty in the laser pulse was obtained by 
firing the laser at constant power near threshold, 
at regular (3 min) intervals with the ruby at a 
constant temperature (- KTC).   This procedure 
also eliminated any spatial drift of the laser beam 
at the distant spectrometer slit. 

The temporal behavior of a typical laser pulse 
is shown in Tig. 2(a).   A study of the spatial inten- 
sity distribution of the laser beam was made at a 
magnification of 20 x and by photographing the 
beam after attenuation by neutral density filters. 
This showed the presence of several Intensity 
maxima [Fig. 3(a)] which increased the effective 
intensity of the laser beam to twice the average 
intensity.   Also, the laser radiation was found 
to be plane polarized to better than 2000:1. 

The longitudinal arrangement shown in Fig. 4 
was used for the measurements of Raman scat- 
tering intensity and state of polarization in the 
forward direction.   The sample container vis a 
simple Dewar of 1 liter capacity with a path length 
of 5. 8 cm between the two innei." windows.   It was 
positioned approximately 4 m fro>n the laser in 
order to reduce possible feedback of scattered 
radiation to the laser.   At each filling of the Dewar 
the liquid was passed through a 5ß millipore filter 
to remove any dust particles.   A short time after 
a filling, the liquid became quiescent. 

In order to increase the laser power density 
incident on the samples, the beam diameter was 

(0) 

(b) 

(c) 

FIG. 2.   (a) Typical laser pulse monitored with an 
ITT FWU4A photodiode, and displayed on a TektronL» 
519 oscilloscope,   (hi Typical first-order Stokes pulse 
obtained in the saturntlon region, and the corresponding 
depleted lasei palse at the right,   (el Same as (W. but 
with the Stokes pulse aim, showing some depletion at 
hlgner laser power. 
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[a] (to) 
FIG. 3.   Near-field patterns showing the spatial 

intensity distribution of the incident laser beam la) and 
the ftrsl Stokes emission (b), ma(fnified 2üx,   Mottted 
appearance of Stokes picture is caused by laser atten- 
uatipg filters, 

—-* 
>   I   »I 

« 

KM 

r^n 

DH 

rttiü£ffc^    ^;J**i 

KKi. 4.   Diagram of apparatus used for Unman in- 
lensity measurements.    Explanation of symbols: D - 
dlaphram, A. F. - attenuating filter, G. U. - ground 
glass,  P.D. - L.G. 4 Gphotofliode (SGD-100t, L ~ 
lens, F - filter. 

reduced by a factor of about 10 (to 0.6 mm) with 
a system of two lenses.   The incident laser 
power was varied from 30 kW to 600 kW by insert- 
ing calibrated neutral density filters of glass in 
the beam at the entrance diaphragm D, and lens 
L,.   The laser pulse was monitored with an EG & 
G photodiode (SGD-100), and displayed on a Tek- 
tronix 555 (or 5!S) oscilloscope.   An essentially 
parallel laser beam was incident on the sample. 
The radiation scattered in the forward direction 
was collected through the exit diaphragm D2 and 
focused on the slit of the spectrometer.   The 
laser light entering the spectrometer was attenua- 
ted with calibrated filters.   A grating spectrometer 
(Spex 1700) having a dispersion of 10 A/mm was 
used with both entrance and exit slits open to 
3 mm.   Measurements of Stokes intensities were 
made with an RCA 7102 Photomultipler having a 
cooled photocathode (- 10C).   The signal was 
amplified 40 times by a two-stage emitter follower, 

and fed into a type L preamplifier of the oscillo- 
scope.   The pulse heights from the oscilloscope 
traces gave an effective measurement of the inten- 
sity of Stokes emission during each laser pulse. 
Brief studies of the laser and Stokes pulse enve- 
lopes were made with a fast photodiode (ITT FW 
1I4A) and a Tektronix 519 oscilloscope.   Depolar- 
ization measurements were carried out with a 
Nicol prism placed at the slit of the spectrometer. 

Several precautions were taken to reduce any 
stray light and to minimize its effect on the inten- 
sity measurements, especially of the low-intensity 
normal Raman scattering.   The main sources of 
unwanted stray light were found to be the laser 
flashlamp. and optical filters and lenses of glass 
along the laser beam which emitted relatively 
intense fluorescence radiation.   Thus, all of the 
optics and sample Dewar were enclosed in a 
light-tight box having a 6 mm entrance aperture; 
diaphragms were placed along the laser beam 
path in front of lenses; and quartz lenses were 
used instead of glass lenses to minimize the fluo- 
rescence.   Finally, the effects of the broad band 
fluorescence were suppressed by the use of a 
high-dispersion spectrometer. 

For each liquid, the intensity . leasurements 
were carried out in two stages.   In the low-inten- 
sity region of the normal Raman scattering, the 
light-collecting cone was 1.45>> 10"3 sr for Na 
and 5.80x 10"! sr for Oa,   Calibrated filters were 
inserted in front of the spectrometer slit to cover 
the intensity range.   In the high-intensity region 
of stimulated Raman emission the light-collecting 
cone was smaller, being 1.30x 10"' sr for both 
N, and 02.   Again, calibrated filters were used to 
make intensity measurements over approximately 
ten orders of magnitude    The laser pulse energy 
was measured witii ?. calibrated thermopile (TRG 
100).   The many optical filters used to attenuate 
the laser and Raman radiation were calibrated 
spectrophotometrically (Beckman DU) each to an 
accuracy of 3%.   The transmission characteristics 
of the spectrometer and the sensitivity of the photo- 
multiplier were measured over the required wave- 
length region (and for light of parallel and perpen- 
dicular polarization) using a NBS standard lamp. 

An estimate of the possible errors in making 
absolute intensity measurements of the Raman 
scattering indicated an accuracy of * 50%, the main 
source of error arising fro n the many filters used 
in attenuating the laser radiation.   However the 
accuracy of relative intensity measurements was 
considered to be better than ±30%. 

BRIEF RtLstlMfc OF THEORY 

The theory of stimulated Raman scattering has 
been developed by many authors, notably. Hell- 
war th. '7 Bloembergen and Shen. " Townes and co- 
workers. " and Maker and Terhune. K They have 
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shown that the stimulated Stokes emission grows 
exponentially from noise according to the relation 

/_(/) = MOk ^4 (1) 

Hero. ISU) is the intensity of the stimulated Stokes 
emission. 4(0) is the intensity of the normal 
(spontaneous) Stokes emission. 4 is the incident 
laser power density, and / is the length of the 
amplifying medium.   The rain^r is given by 

2c^ 
1T//H- AfOfc- V3 ilau/tin. (2) 

In general, and in the present work, g represents 
the gain for radiation poiarlzed in the same plane 
as the incident plane-pUarized laser radiation. 
In Eq. (2), c is the velocity of light, h is Planck's 
constant, n the refractive index, .v is the effective 
number of molecules per cm3, Ac is the normal 
Raman linewidth, VQ- VR fs the frequency of the 
Raman line.   The quantity dau/dSl is the total 
differential cross-section per molecule per sr 
for the one polarization, and may be evaluated 
from an absolute-intensity measurement of nor- 
mal Raman scattering.   Such a measurement 
gives the total differential cross-section for both 
polarized and depolarized scattering defined by21 

rz* > k 
(3) 

for Diane-polarized light incident on a system of 
randomly oriented molecules and observation in 
the scattering plane.   Here cfl is the frequency 
of the Raman-active molecular vibration, d is the 
degree of degeneracy of the vibration (=1 for the 
totally i.ymmetric vibrations), ß is the reduced 
mass, and a'and r'are, respectively, the iso- 
troplc and anisotropic parts of the derivative of 
the polarizability with respect to the Intemuclear 
coordinate at the equilibrium position.   The con- 
stant A' is the local field correction given byM 

K = hs/n0)bs* 4 2)2 («0
: + 2)J/81 (4) 

where «„ and »s are the Indices of refraction at 
the laser and Stokes frequencies, respectively. 
In order to evaluate y' and a', it is necessary to 
measure the depolarization ratio 

p=/i//|1=3y'V(45a':!
+4r'2). 

Here /^ and /(| are the intensities of 'scattered light 
polarized i and II, respectively, to the plane- 
polarized Incident light. 

It may be mentioned that Eq. (3) is valid only 
when the frequency of th* incident exciting light 
is far from the main absorption bands of O, and 
N, which occur in the vacuum ultraviolet region. 

EXPERIMENTAL RESULTS AND DISCUSSION 

The observed intensity of first-order Stokes 
radiation over a range of incident laser intensity 
is shown in Fig. 5 for liquid Q, and in Fig. 6 for 
liquiu N,.    For both liquids, it was possible to 
investigate the Raman intensity over a range of 
approximately 12 orders of magnitude, from the 
very low intensity of normal scattering through 
a region of exponential amplification and oscilla- 
tion to an intensity approaching the incident inten- 
sity, and anally saturation.   These results will 
be discussed below under the headings (a) normal 
Raman scattering, (b) exponential gain, and (c) 
oscillation and saturation. 

0.'2       '     "0.3 
USCR  POWER (MW) 

0.4 

FIG. 5. Experimental curve for liquid oxygen showing 
Raman Stokes power as a function of incident ruby laser 
power. 

(a) Normal Raman Scattering 

The region of normal Raman scattering is one 
of very low intensity.   Our measurements for O, 
and N. are given in Fig. 7.   Although the data 
show considerable scatter, it is seen that there 
is a linear dependence of Raman intensity on inci- 
dent laser intensity, as expected from theory. 
The slopes of the graphs of Fig. 7 were used to 
determine values of the differential scattering 
cross-section. 

As already mentioned, the errors in making 
these absolute intensity measurements are approxi- 
mately ±50%, whereas the accuracy of the relative 
measurements is perhaps ±30%.   Thus the present 
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FIG. 6.   Experimental curve for liquid nitrogen 
showing Raman Stoke» output power «a a function of 
incident ruby User power. 

TABLE I.   Value» of the total differential scattering 
croas-seetion for the 992 cm"1 Raman radiation of 
liquid benzenn. 

da/äa 
corrected for 6943 A 

Authors 
do/da 

ao-1<lcin,«r- (10-*°cm}sr_l) 

Damen, Leite, 
end Porto" 
Skinner and 
NUaen" 
McClung and 
Wel«ern 

Bret «fat.1 

Present authors 

6.7* 1,2 
(6328 A) 
37.5*4 
(4880 A) 
5.9*3 

(6943 A) 
9 

(6943 A) 
6.6*3 

(6943 A) 

4.5« 

4.95b 

5.9 

9 

6.6 

'Calculated from /»ft»-»*^*, since the frequency of 
the exciting radiation v it tar from principal absorption 
frequenciea.   The Raman vlbrational frequency Is i'„. 

^Calculated from /o (v - v^/iv,, - $•)', since the fre- 
quency of the exciting radistion la near an absorption 
frequency >'fl. 

method of determining the absolute Raman inten- 
sities was checked by measuring the scattering 
for the 982-cm"' line of liquid benzene, and com- 

paring the resultant value of the total differential 
scattering cross-section da/dii with values mea- 
sured by other experimenters.   This crosr-section 
is related to experimentally mea^ureable quantities 
by the equation 

do/dCl PR/%Nia. 

Here, PR is the Raman power for the whole line 
scattered into the solid angle 0 and P0 is the 
corresponding laser power, N is the density of 
molecules per cm3 in the scattering medium, . »d 
/ Is the path length (/ - 10 cm in our CsHe experi- 
ment).   Some of the recent values of da/dii, for 
benzene are shown in Table I along with our value 
of 6,6 ± 3 xlO*SÜ cma per molecule per sr.   It is 
seen that the most accurate values are those ob- 
tained by Damen, Leite, and Porto" with a He-Ne 
laser and by Skinner and NUsenM with an Ar+ 

laser, which after correction for the v* frequency 
dependence, are in very good agreement.   We 

-at  ' 04     os      OB vr 
LASER   POWER   ^whtioi» uiw»l 

FIG. 7.   Experimental measurements of normal Raman 
scattering for liquids, benzene, oxygen., and nitrogen. 
(Experimental scatter results from very low light levels 
used, ncceasitating a high amplification of the photo- 
multiplier signal.» 
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have therefore taken the value ila dtt   4.50x lO"31' 
star for bewtene (at .\ = 6943 A) as a basis for o r 
evaluations, and have measured the ratio of the 
Raman intensities of the 2326~cnr1 line for N, 
and 1552-cm"1 line for O. relative to the 992 cm"' 
for CA. 

The results of these iitensity measurements are 
gi/en in Table II alone; w. th measurements of the 
depolarization ratio r for liquid O.. and N,,   (We 
have also included values obtained for liquid 
CS,.) The measured values of do i/O and of p were 
used to calculate values of a' = da dr. the rate 
of change of polarizability with nuclear displace- 
ment, from Eq. (3). after applying the local field 
correction A'| Eq. (4)].   These are included in 

Table II.   The values a' = 1.6 x 10",fi cm2 and 
1.35x 10"1B cm2 for liquid N, and 02. respectively, 
are the same as the values obtained for gaseous 
N, and 02 by Stansbury. Crawford, and Welsh.,s 

Our measured value of p for liquid N„ agrees with 
that measured in the gas by Cabannes and Rousset,"3 

but our value of p for O, is considerably lower than 
theirs. 

(bt Exponential Gain 

Under the present »xperimental conditions, the 
region of normal Raman scattering appears to 
hold up to incident laser powers of ~ 70 kW.   At 
higher laser powers, both liquids exhibit regions 
of exponential gain, as shown by the linear portions 
of the graphs (plotted on semilog scales) in Figs. 
5 and 6.   For N2 this region extends over a range 

of three orders of magnitude and for O,. four 
orders of magnitude of Stokes amplification.   These 
results represent stable regions of gain up to 
factors of at least c* ana ea for liquid N2 and (X, 
respectively. 

Values of the gain .tf(exp) were obtained from the 
slopes of the linear portions of the intensity curves 
(Figs. 5 and 6).   These are given in Table III.   Also 
listed for comparison are calculated values of the 
gain.e(calc).   The calculated values are based on 
the scattering cross-section da/dü evaluated here 
and on the llnewidths 0.067 cm"' for K, and 0.117 
cm"1 for O, measured by Clements and Stoicheff," 
making use of Eq. (2).   It is seen that the values 
ir(exp) and^(calc) are in good agreement. 

(c)  Osciilalion and Saturation 

For both liquids, the regions of exponential gain 
are abruptly terminated as shown by the discon- 
tinuity in slope of the Stokes intensity curves Figs. 
5 and 6.   These sha p changes in slope represent 
the onset of Raman osc illation with a rapid rise 
in output power.   The oscillation threshold for N, 
occurs at somewhat lower laser power than for 
02; 0.13 MW compared with 0.16 MW for 02. 
These values were not significantly affected by 
tilting the Dewar with respect to the incident laser 
beam or by the presence of ice particles in the 
liquids (although in the latter case the experimental 
error was greatly increased).   The onset of oscil- 
lation is therefore not considered to arise from 
reflection at the windows or from scattering by 

TABLE n.   Values of the total differential cross-section, derivative of the polanzability and depolarization ratio. 

•■i- 
,'*I/rfn, Liquid rfa/rfQ a' 

Liquid (cm"'» m/m C6He (lO-^Wsr") (10"" cmä) P 

o» 1552.0 0.056 ± 0.017 0.250 ± 0.075 1.35 

(1.4)b 

0.11*0.01 

N: 2326.5 0.041 ±0.012 0.1S5± 0.055 1.C0 

(1.6>b 

0.10 ± 0.01 

CÄ 992.3 1.00 4.5a 2.84 ■ am 

CSj 655.6 2.03 ± 0.60 9.1 ±2.7 2 i\ 0.17*0.02 

aValue of Damen,  lJ!>ite. and Porto^' corrected for 6943 A radiation. 
^Values given by StansUirv. Crawford, and Welslr5 for gaseous O;, Nj. 

TABLE III.   Values of the Raman gain. 

ma^/dQ Aia Ä'cald /f'expl 
Liquid dO^cm-'sr"1» (cm" * (lO"2 cm MW"') (10"- cm MW"'* 

(), 0.4H±0.14 0.117 1.45 ±0.4 1.60 ± 0.30 

Nj 0.29± 0.09 0.067 1.70 ±0.5 1.60 ±0.55 

CBHfi 3.06 2.15 0.28 • • • 
CSj 7.55 0.50 2.1 • • • 

aVal es of lincwidths memired by Clements and Stoicheff. 

■Biiir-  -    - - — ■ - 
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bubbles, dust, or ice particles.   Also, we have 
experimentally ruled out the possibility that the 
rapid rise in output power is caused by self-tocus- 
iriK.   Near-field photographs of the laser and Stokes 
radiation at the exit window show no evidence of 
filament formation and uniform Stokes emission 
over the beam cross-section [Fis. 3(b)J.   No 
filaments were observed up to the highest laser 
power used 1 MW, where the self-focusing length 
is calculated to be 5 cm for CX, and 9 cm for N,. 
The critical power for self-focusing^'2'* calculated 
from the known Kerr constants-"' is 200 kW (or (X 
and 600 kW for N,.   The observed onset of oscil- 
lation occurs at lower laser powers as mentioned 
above.   Moreover, the ratio of laser power at 
threshold of oscillation in 0; to that in N, was mea- 
sured to be 1.20± 0,006 as compared with the 
ratio of 0.3 for the respective critical powers for 
self-focusing. 

We believe that the most likely cause of cscil- 
lation is feedback of Stokes radiation scattered in 
the backward direction by Rayleigh scattering. 
This is suggested by the high Raman gain for these 
liquids and by the ratio of 1,2 for the gain constants 
of 0_, and R,. which is the same value as the ratio 
of laser power for oscillation.   The Rayleigh scat- 
tering intensity determined by Stansbury. Crawford, 
and Welsh-5 for gaseous 02 and N2. together with 
the iocil field factor for the liquids, leads to a 
feedback factor of Nda/dSi (Rayleigh) ^ 6.1 x l0'f 

per cm per unit solid angle for liquid N, and 
6. 6 x 10"B units for O,.   For the effective solid 
angle of our experiments (~ 10"4 sr) the feedback 
factor is approximately 10"  per cm, which is suf- 
ficient to explain the onset of oscillation. 

In the region ol oscillation the rise in Stokes 
intensity is very steep, and represents an ir-rease 
of five orders of magnitude for liquid 0; and seven 
orders of magnitude for liquid Ne.' •3" The upper- 
most portions of the intensity curves (Figs. 5 and6) 
are similar, and indicate strong depletion of laser 
radiation and conversion to Stokes radiation.   The 
oscilloscope trace in Fig. 2(b) shows a typical 
pulse of Stokes radiation in this region with the 
corresponding laser pulse severely distorted. 
This process results in the flat tops of the inten- 
sity curves and is the region of saturation.    At 
still higher incident laser powers, the first-order 
Stokes radiation is converted to second-order 
Stokes (and anti-Stokes radiation) which results 
in depletion of the first-order Stokes intensity. 
This depletion is shown in the oscilloscope trace 
of Fig. 2(c). 

A brief study of the conversion of laser radia- 
tion to first-order Stokes radiation for liquid N, 
was carried out, and the results are presented 

in Fig, 8.   Here is plotted the ratio ^out^in- 
normalized for the laser radiation.   The general 
behavior of this ratio is in good agreement with 
the theory of Shen and Bloembergen.'"   Figure 6 
shows high conversion of approximately 75% laser 
radi* tion to first-order Stokes radiation in the 
saturation region 

CONCLUSION 

This experiment has shown that liquid N. and 
D are important materials for the study of stimu- 
lated Raman scattering.   Because of their high 
Raman gain, the stimulated Raman effect cnu'rge.s 
as the dominant nonlinear process in these liquids. 
Thus it was possible to investigate the intensity 
characteristics and build-up of Stokes radiation 
over a range of 12 oruers of magnitude; from the 
low-intensity normal scattering through exponen- 
tial amplification, oscillation and saturation, and 
eventual depletion.   A detailed study of the region 
of normal scattering and exponential gain shows 
very good agreement with theory.   The regions 
of higher intensity also reveal the expected theo- 
retical behavior and warrant closer study.   Finally 
the high conversion efficiency of laser to Raman 
Stokes radiation indicates that these liquids arc 
very useful as new frequency sources. 

^^ 
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FIG. 8     Kxperimcntal curves showing how the ratios 
of the laser power (P^l and the first Stokes power </'st 
at the exit M' tno IX'v.ar, to the incident laser power 
'•Pj'„t. wry with the Incident laser power.   Tho dashed 
curve in the depleted lager rejjtoii is onlv approximate 
as the laser pulse was severely distorted. 
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A Study of the Duratica and Birefringence 

of Self-Trapped Filaments in CS * 

Fujlo ShimiziT and B.P. Stoicheff 

Department of Physics 

university of Toronto 

Toronto, Canada 

Saiall-rjale optically-trapoeö filaments in liquid CS- 

were studied by side illumination and crossed polarizers 

using the second harmonic radiation of a mode-locked Nd  »glass 

3+ 
laser.  Filaments produced by Nd   laser radiation (1,06 MO 

exhibited birefringence of magnitude (2-l)xl0  and duration 

times < 10'11 sec. 

\ 
\ 



-2- 

A Study of the Duration and Birefringence 

of Self-Trapped Filaments in CS * 

Recent experimental investigations of opticalJy-'trapped 

small-scale filaments  in liquids nave given valuable information 

on properties such as threshold power, focusing length, energy 

and diameter of filrments.  However, other fundamental quantities 

such as duration time and refractive index changes remain 

uncertain, mainly because of the difficulty of making direct 

measurements during the short duration time of the filaments   . 

We report here on the photographic investigation of filaments 

in liquid CS2 illuminated from the side by second-harmonic 

radiation of a mode-locked Nd:glass laser  and observed through 

crossed polarizers.  Such experiments can give direct information 

about the refractive index changes in filaments and also about 

their duration time, provided the time is much shorter than the 

travelling time of the light in the liquid sample. 

In the present investigation, filaments were produced by 

either 1.06 h or 0.694 n radidwion from mode-locked lasers of 

Kdtglass or ruby, respectively.  The Nd:glass laser emitted a train 

of 20 pulses with pjlse duration — 6 pjse'c as determined by double- 

photon fluorescence t the ruby laser emitted fewer pulses and v/ith 

duration times ^ 0.2 nsec  The main laser radiation producing 

the filaments was directed along the length of a rectangular sample 

cell.  For analysis of the filaments, a second and less intense 

laser beam was transmitted from the side of the cell, at right 

angles to the main laser beam and coincident v/ith it in the sample. 
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This was a collimated beam of O.fiS P  (second-harmonic) radiation 

from the mode-locked Ndsglass laser.  When 1.06 V-  radiation was 

used to produce filaments, the same Nd lasci provided the 

radiation for filament formation and for side illumination:  when 

0.694 ^ radiation was used to produce filaments, synchronization. 

of the ruby and Nd laser pulses was achieved by switching the 

Kerr-cell Q-spoiler of the ruby laser by a spark gap triggered by 

a part of the  Nd laser beam .  Photographs were taken on Polaroid 

Type 47 film v/ith a camera lens of 8 to 30 magnification.  Selective 

filters were used to eliminate scattered light of the main laser 

beam.  At the same time, photographs were taken of the main laser 

beam at the exit plane of the cell, in order to determine the total 

number of filaments produced in each experiment. 

The main method used for detection and analysis of the filaments 

was to place the glass cell (selected for its negligible strain) 

containing liquid CS« between crossed polarizers, with polarization 

directions at 45  to that of the illuminating laser beam.  Since 

filaments are known to be almost linearly polarised parallel to 

7 
the polarization direction of the laser beam producing them , the 

i 
birefringence nj) —- n^, is given by MIJL/IH )V(TTd) when the main 

laser beam is polarized perpendicular to the propagation direction 

Of the illuminating light as in the present arrangement.  In 

this expression, IJJ  is the power density of the illumination light 

of wavelength X, Ij^ is the power density of tfie perpendicularly 

polarized component produced by the filament and d is the filament 

diameter.  While this method was chosen because it is one of the 

most sensitive for the detection of filaments we also used 
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Schlieren photography to measure the total amount of light 

scattered from the filaments.  (An attempt to determine the sign 

of the refractive index change by using the phase-sensitive 

method did not lead to a unique result.) 

Typical filament traces excited by the 1.C6 ^ laser beam 

are shown in Fig» 1.  These were produced in a cell 6 cm long end 

2 cm thick, filled with liquid CS„ at ~ 20OC.  The main laser 

beam was focused beyond the exit end of the cell v/ith a lens of 

relatively long focal length v'" 23 cm) compared to the cell length. 

The side-illuminating beam of 0.53 ^ radiation covered the entire 

area shown in Fig. la and b. 

The filament traces of Fig. la were photographed at 1 cm from 

the exit end of the sample cell.  Approximately 15 traces can be 

seen: these were produced by a total of 30 filaments, as detected 

in photographs of the exit plane.  (Usually, only about l/5th of 

the filaments appeared to produce traces.)  The lengths of the 

traces are 1 to 2 mm and their widths ~ 6 H (as determined from 

photographs with larger magnification).  Almost all filament 

traces, were observed only in the region of coincidence of the main 

laser and illuminating beams, indicating that the filaments 

disappeared immediately after the light pulses had passed through 

the observation region.  Thus, the lengths of the traces in Fig. la 

may be considered to give an upper IJmit to the filament duration 

times of approximately 5 to 10 picoseconds. 

The production of filament traces shown in Fig. la finds a 

ready explanation in the birefringence caused by the optical Kcrr 

effect.  The intensity of individual filament traces (jl^dt) in 
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-4 
Fig. la is typically measured to bo ~ 10  of the timo-integrated 

power density (Jl,/ dt) of the illumination light which enters the 

cell, although some traces are considerably more intense.  Since 

each filament trace is presumed to be produced by only one of the 

20 mode-locked pulses, whereas the meas'ired intensity of the 

illumination light is the integrated intensity of all 20 pulses, 

the value Ij./1»!  ^or individual filaments is ~ 2x10  ,  For 

filament diameters d = ÖM-, this value corresponds to a birefringence 

ntf - n^ = 1.2x10  .  This value is much smaller than that (~ 0.2) 

9 
reported by Brewer and Towncs  for the special types of filaments 

observed by them but is in good agreement with the value estimated 

from the anti-Stokes rings in the stimulated Raman effect  . 

Furthermore, if wo assume that the birefringence is due to the 

optical Kerr effect (which is based on the rcorientational theory 

of molecules) the power density P within each filament, is calculated 

to be 60 GW/cm , from n^ - n(-f-jBE 
=(|77)BP and using the known 

11 
value for the Kerr constant B .  Therefore the energy in each 

3 
filament is 1 to 2 ergs, in agreement with the reported value . 

— 3 
The true value for n^ - n^ is probably a little larger than 1,2x10  , 

because the actual duration time of filaments can be shorter than 

that calculated from the length of the traces in Fig. la (5 to 10 

pscc), although it must be longer than the reorientati^nal 

12 
relaxation time for CS , ~ 2 psec  .  Since n., — n, depends on the 

square root of lx/h\    » "this correction does not exceed the factor 

j5.  Therefore n.. - n, is typically 2llxl0" , and does n» I exceed 

10*"  even in the strongest traces. 

In the above calculation of I^/TH v.e assumed that most of the 
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energy of the laser radiation was confined to the train of 

picosecond pulses with separation equ3l to the transit time of 

light in the laser cavity.  Neither the oscilloscope tiaces noi 

13 the two-photon fluorescence technique  have sufficient resolution 

to confirm this since they cannot distinguish between a train of 

such sharp pulses or of sharp pulses superimposed on somewhat 

broader pulses.  However, the same polarization technique as used 

above for the filaments was also used to determine the birefringence 

dueAthe whole laser beam and its power density.  The birefringence 

produced by the laser beam at the entrance end of the sample cell is 

shown in Fig. lb.  The length of the broad white trace shows the 

temporal width of the picosecond pulse.  From the density of this 

trace, the pov/or density of   the laser radiation was determined and 

the resulting estimate of the total energy in the picosecond pulses 

was An agreement, within a factor of two, with the energy measured 

directly with a calorimeter.  Furthermore-, no birefringence was 

detected when the coincidence between the two beams was shifted 

to a region outside that shown in Fig. lb and we conclude that there 

was very little laser field outside of the picosecond pulses. 

Other types of traces which were stationary in space and had 

longer duration times were also observed.  They could be distinguished 

from the typical filaments of Fig. la by two characteristics: 

they appeared irrespective of the coincidence between the illuminating 

and main laser beams, and they wore usually observed as dark lines, 

as seen in Fig. lb.  Since these dark lines were observed even in 

the pictures taken without polarizers, these traces persisted for a 

time comparable with the laser pulse.  At relatively low excitation 
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pov/cr, the number of those traces was much smaller than the total 

number of the filaments as detected at the exit end.  Most of them 

were observed close to the entrance end of the cell and rarely 

at the exit end.  The mechanism of these traces is not clear; 

whatever the mechanism, the energy involved in this process seems 

to be larger than that required to produce the normal filaments 

(Fig. la).  The relation of the two types of traces may be best 

explained as fellows«  Filaments with varying energy are formed 

in the first stage, but those with the larger energy lose much of 

their energy rapidly by other non-linear loss mechanisms leaving 

traces of the after-effect mainly in the entrance part of the cell. 

Only the filaments with relatively small energy of the leading edge 

of the filaments can travel to the exit end of the cell with small 

losses. 

The traces of the filaments produced by the ruby laser, which 

were photographed close to the exit end of the cell showed similar 

characteristics and approximately the same birefringence as those 

in Fig. la.  Theit lengths were usually 1 to 2 mm but some traces 

were as long as 3 mm.  The number of traces observed was much 

smjller than that of the filaments detected at the exit end of the 

cell (l/50 to l/jOO), but this is not unreasonable, since only a 

small number is expected to coincide with the illumination light. 

The lengths of the *races indicate that the filament duration 

times are less than 15 pscc.  But it cannot be completely excluded 

that they are stationary traces in space, because the two laser 

beams (from ruby and Ndtglass) are independent and we cannot determine 

precisely the region of coincidence. 
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The present observations are limited by the rclativolv low 

sensitivity (An^-10  ) and tc filaments which arc produced by 

particular types of lasers.  However, this method is capable of 

detecting An - 10~  in a 5-10n filament by using a single spike 

of a mode-locked Nd laser and will be a useful tool to study 

various aspects of the optical trapping. 

The authors would like to thank R.A. McLaren and A. Jares for 

experimental and technical assistance. 
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Figure Captions 

Ficj. 1.  "Side- pictures" of tho node-lockod Ud   laser beam and 

resulting f i lar.icnliv.  Tnc areas shown were illuninated by 

3 collimated beam of polarized radiation (O.bS^/t) and 

photographed through a crossed polarizer.  The main laser 

beam producing the filüt.ic-nts travels from left to right. 

(a). 1 cm frorn the exit end of the cell showing filaments 

as sharp horizontal traces.  (b)  1,5 cm from the entrance 

end of the c»vll with slightly higher power density than 

(a).  One of the dark traces is seen to extend outside of the 

coincident region (".vhite broad trace).  Circles and other 

irregular patterns are due to imperfections in the polarizers 

and to inhomogeneity of the illumination hoam. 
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High-Resolution Raman Spectroscopy of Gase-- with Laser Excitation* 

W.RoL. Clements* and B. P. Stoicheff 

The ad'V'int of the laser has paved the way for significant 

advances in high-; esolution Raman spectropoopy (l). In earlier work 

with mercury lamp eources (IfS,^) the effective resolution was limited 

to ~ 0,3 cra"^ by the widths of the exciting lines. The intense 6328 X 

line of presently available He-Ke lasers is almost one-tenth of this 

width, the maximum being approximately 0.0^ cm"^-. To achieve an 

equally high resolution in Raman spectroscopy of gases, it is necessary 

to reduce both pressure and Poppler broadening and to use a dispersing 

instruaont having a revolving power ■> 5 x 105, 

In this letter v-c describe a technique v.hich has enabled ws to 

tv.kc  full advantage of the- increased resolution provided by laser 

excitation. Spectre are obtained at pvessures as low as the available 

laser intensity will permit. Observation is limited to ctti&ll-anglc 

scattering since the Doppler breadth associated with light scattering 

is a minir.iu;J in the forv/ard direction (j[). Motional narrov.'ing (p) 

reduces this breadth further as 6hov.n by Cooper, May, Kara and Knaap (6) 

and Hurray nd Javan (7). Finally, the scattered raaiation is analysed 

by a prcssxire-ccanned Fabry-Perot intoi'fetonei_r (8) rather than by 

the traditional grating instruments. 

Our experimental arrangement is shown in Fig. 1. Radiation at 

6328 A fion a Ke-!.'c laser 'f a  long is used to excite the spectra; the 

total pesver is 'lOO r.'.'.'/ in a line vf full-width at half intensity 

~ 0,025 cm"1. The 6328 A  radiation is ieolated with a 10 X band-pass 

BBBM 
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filter and then focused in the scattering cell by a lens of 1 m focal 

length. The pyrex glass scattering cell is 1 m long aiid contains the 

eample gas at pressures up to 2 atrn. This is followed by several 

narrow band-pass filters »hicü block the laser light and transmit the 

scattered radiation under study.  Radiation scattered at 2° is then 

collected by a conical lens and analysed with a pressure-scanned Fabry- 

Perot interferoneter. For investigating rotational Raman lines with 

small frequency shifts it was found necessary to place a monochromator 

immediately in front of the F-P interferometer to be used in conjunction 

with, or instead of, the narrow band-pass filters.  This not only helps 

to eliminate the laser light but also to isolate individual rotational 

lines.  In addition, fluorescence originating in the interference 

filters, lenses and windows of the scattering cell (with maximum 

intensity at wavelengths longer than 6800 A) was suppressed with the 

use of the monochror.ator. 

Spectra of the S(l) rotatior?! Hno of K^ obcerved with both 

forv,i -d and 90° scattering are compared in Fig. 2.  Both spectra were 

obtained at a gas pressure of 2 atu; the interferometer spectral free- 

range was 0.5 cm-l ariCj the effective resolution ~ 0,02 Cm"^-.  At 90° 

scattering, the full width at half riaxinum intensity of the line is 

0.15 cr.  and corresponds to the Doppler breadth at 20oc modified by 

motionr,! narro.'ing.  In the forward direction, the observed linev.idth 

is reduced to 0.0^ cn"^. However, this value represents the total 

instrumental width (including the laser and interferometer linewidths); 

the true linewidth which is due, solely, to pressure broadening is 

0.006 ci-r1  at 2 atm (6). 

Another example of the increased resolution achieved with this 
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technique is  given in Fig. J rHich shows the trrsss» Q br&nch of the 

totally sycraetric v, band of CH4.  Its linewidth is ~ 0,3 cm"^, vhich, 

as already noted was the limit of resolution in pre-laser work. The 

spectruQ wajs obtained at 2 atm pressure, with the interferometer 

spectral free-rango being 2.5 cra"^ and the total instrumental width 

1 d 
»- 0.07 cm"J-.  Because of low intensity, a digital counter with4500 sec A 

counting interval was used and the observed spectrum is indicated by 
circles 

the solid .0 in Fig. 3 •  It is possible to detect some structure within 

the narrow Q-branch observed with the presen'; techniques.  This struc- 

ture is interpreted to be due to a small difference in rotational 

constants of the (0000) and (1000) levels with the spacing given by 

the usual expression (B^ - B0)J (J + 1).  Trial analyses were attempted 

with tentative rotational numbering of the observed peaks. The best 

numbering is that represented by the etraight-lino graph whose slope 

gives the value B^  - B0 = - 0.003'} en"
1 (Fig. li).     With this value of 

Co,, the relative positions of tne rotational lines within the Q-branch 

were calculated and these are indicated j.n Fig. 3« Also, the relative 

intensities of the rotational linos were computed and assuming lino- 

widths of 0,07 en"-1- a calculated spectrum was obtained. A comparison 

of this calculated spoctru'i with the observed spectrum shows satisfactory 

agreement. 

The above preliminary investigations demonstreto that the laser 

is a potentially valuable excitation source for extremely high resolu- 

tion Kaman cpcctroccopy of gases. 
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FIGUPE CAPTIONS 

1. Diagran of apparatus for high-resolution Raman epectroscopy of 

gises. 

2. Profiles of the S(l) rotational line of H, gas at 2 ato pressure 

observed in forward and 50° scattering. 

3. Q branch of the v-^ band of 3H^ (Av = 2917 era-1) at 2 atra pressure. 

The solid circles O are oxperiraental intensity points obtained 

with a digital counter using 500 seo intervals, and the dashed 

line - - - is the envelope of the computed spectrum. 

k.    Frequency coparntion of observed pcake fro;.! the J -■ 5 peak plotted 

against J(J <■  1). 
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Stitml^ted kaman tiir^lon iii DlaGondi 

Spcctrun, Gain and Angular Distributioa of Intenelty 

A. i\  HcQulllaa*, '.V.R.L. Clcaeato* and IU  P. Stoichoff 

Deportcscs-t of Iliytdce, Ualvercity of Toi'onto 

I'oronto, Canada 

Abotr&ct 

An experiKsntal utudy of nornnl and etinalatcd Kcian csilünton in 

dinnond io presented lucluuiny ncasurocicntß of li.no\.idth, intennity and 

lujüular dlotributdou of rfidir.tion havinjj a frequency ohift of 155?.,0 en'*-, 

Tho dianoud oryctal fomod a Ratian rcconator and  encltation v.-at; by a 

gtant-puleo ruby It-xor. The dependence of norncl Stokes er;iüüion on 

lauor intencity vnd  tho threfshold for or.cillntion were Invostigotcd, A 

value for the l.'ur.oa talc (g " C.9 x 10"* c;"'- per W/cu*)  was calculated 

frou tho nc^enred linc-.vjO.th (Av «= 2.0'j cu~^) rod Ci-onc-oection for 

ocatterincjnnd found to bo In ^ood ncrecr.ent r.'ith a value deterrdned 

fron tho throchold for oöcillation. the annular diGlributicn;:; of nnti- 

Stohos and otoltco ouicoion and abcorption for parallel and convergent 

IcGer li(;iit arc alro in ccod acrccntnt ;.'ith t);cory} the c-nineion cone 

niiGltü are ctroncly dependent on tho ancle of convergence of tho iacidont 

lieht and it io cr.tabliehod that t}ic preforrod dircctienn for cninaion 

ore thoao nuking U.-JQ of the nout intenco firot-ordcr Stokoa radiation 

which ia peaked in tho forward direction v.ithin the fiaaan reeonntor. 
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Introduction 

Kusoroua invcatigationo* of tho enomolous ßain, nnyular t'lotrilutior- 

of Intensity und opoctrcl Xincwidthe 3n ctioulatoa Raman eniocion have boon 

carried out with liquid;;, nnd rone- vith  gaoee. Corrcepondinc otudics v.'ith 

Bolidn aro rare. The firot report of Ptinulated I!?.r.!'.'.n cmiGcion in cryotale 

(calcito, diamond and c».~nulphur) t/ae given in 19^3 by Eckhardt, Bortfold 

and Qellcr^, In l$€k%  Chi'io ajid Stoichoff^ niaöo prpcitio ueaRureiaonto of 

tho anti-ßtokeß cniccion nagloe in calcito; Tiuacavald''' (196?) reported 

tho obeervation of Kodo-pulling in a Raman rooonntor of cryetnllino quarta; 

and Bisaon and Mnyer^ (19G7-S) obicrvud an aaonalouo cain in Rannn recoaa- 

torc of calcito, tho expcrimontel ccin bcinj; approximately ton tinea tho 

calculated cain. 

Tho prcccnt paper deals v?ith the characteristicti of the noraal end 

eticiulated kar.an eijir.;;ion in dianond* Dinnond is particularly vcll-cuitcd 

for ntinulated Ran'».n oxpericieatü tincc the firct-ordcr Roman t-pcctru:i in 

knotm to conoist of a sinßle charp lino of relatively hi^h intoacity» 

Wiereforoi the threshold for cticiulatcd cni-nioa Jr expected to be lov.-. 

Tho available dianond cryctal wao in the for;; of a plate t;ith parallel 

curfaccn, and becauae of the large refractive inden of dianond, the- plate 

eorved an a recor.atorj thus our cxporinental reaulta hnvo been etron^ly 

influenced by the prope -ticn of thio reaonator. 

ffho uain rcoultc of our invectinationa have boon reported briefly 

on vari-Tua occaaions". Tho linevdclth and ccattcrinc Ci'oco-aocticn »vere 

deteruinod frc;j tho norr.al Parian epsctruu. Tho intonaity of normal Stokea 

aiaeion vm,  found to incrcnec linearly with incrcaainc l-; r intencitj 

p to thrcehold for etiLäulatrd uyienionj thiu region \.TIO follov/ed by a 

c 

UP 
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ehrvp increase in intonclty by R ff<ctoi' of ~ 106f fend eventually by 

eaturation end danago to the crystal* In « reBOnRtor,tho onoot of otcil- 

Itttion ie nov.'rncd by U c  condition Fe'ß"tt'L « 1, whore F io the feedback 

factorf g and G are the n
ftil1 t-fiö locc ccnotAtito end L io the cryetel Icncth. 

Thie tonditioa vua uzoC  to dcttrmii.c e value for the £,v-ln  fron the obaorvod 

threshold for or.cillfttion. A thorough ctudy of the inhonogeneouo intensity 

dietrlbution of a lectr and Stokes radiation in the rcr.onator t.'ao &lv>q 

carried out in order to properly evaluate the c^i" conotant. G;'Od acroo- 

neat vao i'ound bett/ocn the  value determined in thic way and that calculated 

froü the ucaeurcd ccatttrin^ croce-ecction and linevidth. Solf-fotuoing 

was not apparent nor «.an ettnulnted Erillouin ecattoring detected at the 

pov.er levels uacd in thcto experioente. Tlio ctimulated linev.'idth t?aa 

obacrved to bo a;i order of r.acnitvde narrower thrr the nor»al linewidth, 

and on ocencion tvo axial conponente of the Hacan reoonntor wore observed 

with evidence of tiodt-pulling and atronc Rodc-intcractlon. 

The angular diatribution of intencity in the etitiulated Kasan 

eiTiiüEion tmo diacueued in neue of the firat papora on the theory of the 

proccar, "'■^. Frou the uor.catun-natchiui; tondition beced on u piano- 

wave aodcl-, tit: if.sa of anti-ßtohee and Ctoker enissicn (o«u the coi'rocpon- 

diac tiinir.u in firat-ordci Stokco c: l.'-f-icu) are predicted aecordinß to 

the vavt—vector relation» 

-J* 

k *  k , «= k , <• k ;    k + ): , «^ k > * k (I) 
o   n-1   -1   n'    o   -1   n-1   -^ 

Here kc, k„j , k;i and 1:.,^ arc, renpectivoly1 the In;.or, the firet S'^okc» 

and the nth-ardor anti-ktokon and iitokes t/ave voctorc. Suclt distribution 

of intenolty in calcite uni invoü'iißated by Chino and Ctoichofi? who found 

that a^rc'.v jut betv.f.m the ob:.ervod and calculated cona analen VTafi v.-ithin 
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the oxpcrii'cntal erroj-  of n tcv  porcont» when fin eanontlßlly parallel 

Jöoor hoin  Run Incident on tho calcitc« In addition, they noted a 

eigi '.ficant increaoo in oniosiori un^loo of pnti-ntokea radlntion ne tho 

focal length of tlio lenci uaed to foou;i t Q Inoer boati wao docrcacod. 

Siiir.oJ:,  ha» diccuaaod euch an incruaeo in cono anglo with incrcauo in 

ancle of convergence of tiic lauer bcorjj and Bloonborgaa and ohen-1-^ lave 

conuidurod nulti-aodo effecta «hero tvro laoor codca v;ith a rolativo nnglo 

0 rsfüult in broadened nnti-Stokeß cnifmion conoa with en increaco in apex 

holf-anrjlo of about 0/2,  no have cado a detailed study of tho aUjTUlnr 

dapondcuco of anti-Stokoo and Stokoa radiation in diamond, and inveatiijated 

in particular the chauges in cono augleo with dlffcrout beim apertures and 

different beau convo-^encc. 

Experimental Procedure 

Tho crystal of typo II A üit.rxxä  was in the foru of a plate 2.-13 tin 

thick and with flat, hi^hl;- polished and olnoot parallel eurfacts (redjje 

nn«;le ~ IC1). Did-.onO haa a refractive inios of «I,';-} thua tho reflec- 

tivity at the air cu^facoa ic 17;' and the plate boh&voc va  a Rcsan 

resonator. A laue X-ray diffraction photoci'aph oatr.bliahcd that the £l31J 

axit; of tJ-.e cryatal van nppro::iaatcly perpendicular to the poliahcfi facca 

of tho diaa nd plate. 

For ocaaurt-r.cnt of the normal «Janen linev-'ädtln t)ic apectrnri van 

excited ly /. 6^-28 »-adiation of a He-He lauer and eualyced uith v.  Kabr'y- 

Perot ir.turfcro.ujter, or. deaeribud by Clencut« and .'Jtoicliüff3'^, jn f)^c 

experiment, tho I'abry"] v:rot c-.acer v.r Ci,i%9 t  O.CO^ : ;i, nlrrox' reflec- 

tivity \mc S^.^ ni-.l tot:;l later plan inGtrut-entnl x:\CJ.h  raa O.cCK  c.;**1. 
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The ocaiterod 3.ij;lit WRO obeorvod at rieht r.nclee to the incident bean. 

Stiuulatci R&raor. enlscion watj o>:citoc1. hy X (9^0  rndiation fro« ft 

ßlwit-jjulfc rulvy Irscr. The rndiation woa j-lane polarized and ran cRiittcd 

in n «in£;3.o pulco of ~ JO nncc duration and in a Kingla (or nearly cinrle) 

axial wodo. Good reproducibility in the laccr pulae vaa  obtained by firing 

the laaer at cor.ctant power near threshold nt regular intervale v;ith the 

ruby at a conr.tcnt tenporoture (-100C). 

The cirpcria.ciital arran^cnent for photographing the etinulated Haran 

opoctruM imd for neaourlnc itn intciuit^ in ©ho\;n in YiQ.  1. laser radia- 

tion wao incident on an apoi^turc of ?.6 mm diacotcr and ita intfcnnity rnc 

eeaoured by a 9JJ1A (KCA) phototube. A Icnc of 18 en focal length was ut;od 

to focuD the laccr beam 2 cm beyond the diamond cryetal. Padietion 

ocattercd In tho fortmrd direction v;ac focuced on the alit of tl>o gratinß 

epectro^raph. Photooraphe of the Raman opectruti rcro obtained with a 

1 co  elit T/idth, and a reciprocal linear diepcreion of 20 cvT^/aa,    iJone 

photographs were ol"o obtained at tu'ch hicher rcaolution, with tho epectro- 

graph replaced by a Fabry-Perot intcrferorctar and a 1 .atra ennern leno» 

Kor Küafjurinj- the intcnaity of firet-oröer Stohca radiation^the 

method uaod vr.; that dotcribed 5a a recent etudy in thit- Inboratory^-^ of 

intonaitv noacurcmenta in liquid 0-, and V*,    '?he laaor radiation car; varied 

by inaoi'tinß neutral denaity filttra in the bean at the entrance aperture. 

Radiation ccattercd in a cone of 5*9 - 10**5 ex*  T.-.^f. collected through v.r. 

apojturc and focused en the flit of tho cpectrcmeter. A 7102 (PCA) photo- 

tube vrr.  racd tr> dctoct the f.tohen radlf.tion ai-.d tho Stohca and laaor 

ai(;nala «CTO dinplaycd on a dual beau cacilloccopc (TchtroniK 5'?!;). 2ho 

pulao heißhto tave effective Kcaeuremcnto of the Stohea and laaei 'ntcn- 

aition* Tho trunaniaaion chnracterirt*^a of tho apectrouoter and 
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Attenuating filtcro uc soll n the concitivity of the phototubofi were 

doterclnod nnd the conplctc RrrßRsonent wi»8 Cölibrntctl by ricaEuremcnto 

with bensone, nil no dor.cvibod in the earlier work^-f. The Koasured 

Ronan intensity ie ectlmuted to bo nccurate to * }0'/J. 

For observation of the angular diötribution of intensity, the earao 

Rrrr.n^encz.t an Fie. 1 . „ used but with the optical elecicnte after the 

dinr.ond crystal replaced by a carscra. Appropriate filters vcre placed 

in front of the camera to tßolate the varlour. Otoken und  anti-Stokcu 

frequency componentc. 

The Spectrum 

"he nornal Kenan spectrum cf the diaitond crystal cons.leta of a 

cinelo lino at a frequency shift of 1^5? cm~^. "hie line waa found to 

have a Lorentzian lincahape v.ith full width at half intensity Baximun 

ueanurod to be ZrOh * O,0k  cra"^-, at roor; tc.-.iperuture. HeasureMonte of 

the linc-.tidths exhibited by tu-o other diamond crystals (also typa II) 

gave stnilnr vnluos, naöely 2.09 .t 0t0U  and 2.22 * 0.0^ ca"1. 

Photographs of the atiiiul&ted Ranan opectrur. of dianond revealed 

four sharp lin^u, tvo beinj the fir^t- and cecoi;d-order Stokes linos r.nd 

two the corrcspondlus anti-Stokos lino*.;. Their frequency shifts fron tho 

oxcitin,-; lino t/cro noaaur^d tc bo 1351.B  *- 2 cn"^- and double this value, 

corrospondins to tho fund mental and exact multiple of the C-C vibrationnl 

frequency. Sxanination of thj 'irst-ordor Stokes line at hi^h resolution 

pith a Fabry-I-orot intorfcro.ioter (Fig. 2) showed that its width v.'on very 

narro«, Pith variation of 0.1 to 0.2 cr.i"2., fron shot to shct of tho laser. 

This opoctrul nidth is at least one-tenth that of tho norual «anon line, 

yet considerably l'.rt;cr thm that of the Inner excltiTiC line. 
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In npproxinatoly ten percent "f thooe phot 2rflPho the otiraulatcd 

Stokoo line wtia tplit into two coopononts eeparated by 0,35 ~ 0.15 cm"* 

(Fi^j. 2) Khilft tho Iftncr exciting line iteolf renainod nincle and charp. 

Further study of the r.pectrua, t/ith the eciinnion region of tho cryatnl 

dagnifiof' 20 ". (J-'ig. 3) and 100 X rovonled the prcoencc of rsany roßioro 

of OBC. llation each approximately 50 y.  wide and 100 to 150 >i long. Their 

eir.e V'-\B governed partly by tho Multiple bean interference fringoo with 

epacing >y(2n6) «55 V1» corresponding to the 10' tilt 6 between the 

politihcd faceo of tho cryatnl| and porhnpc alco due to inporfect ourfacea 

or to tho ejeiatence of »any cryctnlliteo,  (Spectra obacrved with a 

tilted Fabry-Perot interferor..ctcr and 100 X magnification indicated that 

thf^e regiono aometltües oaclllated independently of one another| ßcme in 

a cingle node, othero in two axial rodea, with tho magnitude of the 

splitting and the inteneity ratio of the two nodca varying from region 

to region.) 

The average node aeparaticn in our diamond roaonator ia l/(2nL) » 

1 cu~i, vhich io approxiriatcly half th^ norrAßl i»ar.ian linewidth.  Under 

thcoe conditionu there ehould bo etrong K&do-pullinjj, ac obaerved by 

Tannenwald^ in  P.anan rosonatorc cf quart», I'odo-pullinj would be expected 

to tiecrcaco the tiodc Bcnarntion by the factor (1 - Avc/Av ) wliero Lvu  io 

tho nornal ilaricn ii:>ov/idth and Avc ia the cavity linowidth defined in the 

UDur.l way ac uvc «= u%/(,2nnh)%  with u' the fractional power loa^., (l-'i), 

at the Oiivity aurfneeo. For ideal r.urfaceo uvc ~ 0,3 cr-i"-^, however aa 

cho\m by the width of tho fr'ngea in Fjr. 5» the value for OUT crystal 

in approKiuately twice tide vnluo, that ia /,vc ~ 0,G cn"^, Tliia would 

lead tc a docrcoau of the node acpuration from a  vnluo of ~ 1 en"'- to 

^ 0,7 cn"^-, utill RO.%cwhat larger than the obaerved oepcu-ationn in the 
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ranee 0,? to 0,p cr.)** .  Further docrc^cc could nrit-.o fron en abr^ori'tioa 

lone* roliitcd to foeucinc ecotietry or fror.: ctronc olcctric-ficld Intoruc- 

tion effpete nr, obrcrvtd i» z1^  Inucrs*-' when tho envity Dode-cpncing and 

tho norf.nl («jjontnneoun) liuo'.idtli nre nlriOßt tho caue, ao in tho precent 

cxporinent. 

Intensity of Stokec Kadiation and Tcaaan Gain 

"ho obtervod inten;ity of first-ordor Stokoc rfdiation and ite 

dependouco on incident laser intonclty it ehowa in the grnph of Fie« 'f. 

At lor; laoor j^over, nortml Kanan cniscion cao obnerved, end thia in- 

creased linetsrly with incroaning Incor power  The threnliold for occil- 

lation occurrod at a laser poner of 1.05 l''.7 and ^tokea intenßity incroucod 

eharply by a factor of about 10 for an incrouso in laßer pover to 1.5 •';'•/, 

At higher latier powora, caturation Ect in and further increaoe reunited 

in dftn.-i^e to the crystal. 

"he region of nornal Hanan emieuion i.^ ahevn in nor« detail In 

Fie» 5>«hich clearly illuatrntes t)ie linepr increnes of Gtokea pover with 

increaaing laaor pov/cr. Tin- neaaured flope of thia gi'aph was iu cd to 

obtain {. value for the total Tiur-^u  acaiiej-inc efficiency 5, v.hich in 

defined en ihv  rütio of tho nur.ibor of ccattcrcd ]>hotone at frequency w 

(produced per v.uit  tine por unit croä-a-ooctionril area of cryatal in a 

aolid nu^Te n about the Uirectioä of obcervation) to the nurabor of 

incident photo-" of frequency u0 croeainj; unit nre?i in unit t3.n.i. The 

e:-pcrir.iuntnl value of .'> ir. civen by (?r ^Xl/li;), where V yi.r.  the Kar!.->Ji 

po'.^er for the «hole Üanan line acaltered into the aolld r;i; lo H, 1'0 ir, 

tho corr^-spondiuj lancr po-vcr, and L ir. tho path length. A value of 
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S ■ 2.7 x 10"' ca"^ ox*"^ wao obtfiined, having o« eatimated accuracy of 

* JO',*,    How ö io related to da/dx, the rate of change of electronic 

polari;inb5.1i.ty per unit coll vlth relative dicj.laccmont of the otocja, 

and according to SaitJr-" and Leudon^-' ia given by 

JhN^ |dcvI2 
£ a  •■■ ■ r '   -~ (n0 ♦ 1) 

2KCV'>0 Ia5C| 

Here üB « «0 - « io the Stokof} angular frequency, «0 io the laaer fre- 

quency and w    « 1332 cn"^| H ie the number of unit cellß per unit voluae, 

n0 is the Boee population factor (with n. ^ 1 ~ 1 at rooia teuporature) 

and p io the cryetal denoity. Trou the above value of S wc obtain da/dx 

■ ^.6 x IO"1" CD2 per unit coll, for laser radiation propagating along 

the [lllj axir. of the crystal. Thio value ie in good agreenont with the 

value k,0  x IO"- oer  obtained by AnaotasnaUie, Iv/aca and Burotein^" froa 

oioctric-field-induccd infrared absorption in rii«Liond. 

Tho Haman gain per unit length of active nediua ie defined by 

g B ..-j-XL.o. 

o 

Here, fiyy ia the ccattoring efficiency of radiation polariaod in tho rano 

plonn na  the incidr-iit pinna polarised laser radiation, fi'id equals ü/d + d), 

whore d (c l./fy)  io tho depolarißatioa ratio; hv  icn"^)  ia the full width 

at half iutonßity of tho nernal Ka inn line, n in tho refractive index of 

the nediu.i, I0 i^i the incident laser intensity, and tho rcaaining üy;.;bol5 

have their ujjual nonnlngn.  iV'ith t.hc above oxporiuontal valuer; of o o 

2.? x 10"' CM**
3

- or"1, d B 0.60 and 6v » 2.0^ cia"- tho H^nar gi.in in 

dinnnnd is calcxtlatod to be g ^ 6.9 >: lO'^ip cu*"^- with I0 in lui/ca^m 

ihiii vnlua foi* the 'dii^nn ^-in  dotcriuincd entiruly iron the churac- 

tcriDtic.'> of tho no>'.:nl huncn epettnuj c.'.u now bo toated nitii tho observed 
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threnhc Id for osellli tier». » As alrei ■■dy noted in the Inti reduction,  tho 

comlitJ on for oucillt tion tl irofihöld in F e:<p Its -ft)L]   a 1. Tho feedb: jck 

factor F = re flcctlvl ty « 0. 17}  the lo. 30 conntnnt n was CO!) eidorod to bo 

Dojliuiblo (fiinco tho obsorvod ocuttoring and absorption IOOGCB at low in- 

tonaitiou with tha ruby lauor worn email) and diffraction loanos for nuch 

n unnll path length uro nlno oxpectod 'JO bo srmll rolativo to ß. Thuo 

the threshold condition roducon to o^Ij = 5.9 " e^*^, or jL » 1.8; that iß» 

lit throahold g - 8.2 cu*"^-. Fron tho above valuoo, g ■ 8.2 « 6.9xlO"5 i^, 

the Inner intensity at threshold would be expected to be Io«1200 K'S/ctaP, 

According to Fig. H the laner poser at threshold as ceaaured by 

FH-1 ia 1.05 K.7. The opatial intensity distribution of the laoor and 

Stokes radintion was investigated by taking near-field photographs (at 

magnification of 20X) of th illUDia^tcd area of tho crystal. The laser 

beam crofc.c;-aectional area at the crystal »as seasurod to bo 0.37 r^i 

however, the area of r.aximurs intensity Tsaa deternined to be 0.2 mm^ (by 

Interposing neutral density filters in tho bcaci) and this area is chov-n 

In Fig. 3» Accordingly the laser intcr.sity incident on the crystal t-t 

threshold in  1.05/0.002 w 530 KW/cr^. The intensity vithin the Crystal, 

however, is codified because the crystnl fori.-s a resonator. Thin beha/iour 

is evident in the near-field photographs (Fig. 3) of both tho laser end 

Stokes radiation, which shov; interference fringes with spacing fs 55 v-t 

eausecl by the slight wedge between the polished faces of the crystal. For 

such Eultlple-bear. interference, the fringe maxim have intensity equal to 

that of the incident light, J0, and tho minima h^.vc intensity [(l-R)/(l+l<)]
2 

M 0.5Io for diamond tith 17$  refltctivity. Also, tha finenno » 1.5, tl.-t 

is, th.c fringe width is tozsev.-hat loor.  than the fringe cpacir.g (Fig. 5), 

At thrt-shold, only the intensity r-.rxirr,, conprising at rest half the laser 
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bewa «rea at the cry^tnl, will bo effective in generatinc otiraulated 

Stohoo radiation. Therefore, accordini; to thic analysiß, the laccr 

ihteiusiti' at threehold io at leact 530/0.5 or ~ 1?00 KW/cm2. Thie 

apparently excellent agroement with the expected value of ^ 1200 VM/ct,?- 

IR,, eo doubt, for';uitouc!} the cKperincntal values of S and S/j have 

accumcies of ^ JO';*  and intensity pcaku in the frlneo Raxina of tho laßer 

radiation are indicative of apatial inhotsogoneity In tho Inacr beata. .In 

opite of thooe uncertainties, the obaerved low oscillation threshold in 

diamond appears to bo within a factor of about two of the value calculated 

from tho Kanan gain g « 6.9 X 10"^ I0« 

Angular Distribution of Intonnity 

Owing to the thinuoss of the diaoond cryfctf;l available, uonc focuoing 

of ths incident lauor light MRU  neccr.^ary to observe stimulated ctnißcioa. 

IVith the uec of a Ion«; focal length leno (f » JO cm) and nlncct parallel 

editing radiation, the esiesion conec of the first three orders of anti- 

Stoltoa and of the aecond-order Ctohcs radiation were obrcrvtd along with 

the correapondüng intencity Ejinir.n in  the diffuse firet-ordor Stokes 

oniaaion* The tseaeured values of the core ongloß F.ro fiven in Table I 

and, for aoinpariaon, the Values calculated frcp I'q. 1 are included. In 

theae cxilculationc tabulated valuco of tho refractive index over the 

wavelength range 'tE6l ?.  to 7rS/J ?• v/ero uccä1^, it is, near,  that t}jo 

agroetient iv-  very good for all of the or ieeion angloa oboorved, although 

not as geod for tho Ctokeo cinina which were difficult to mcacure» üo 

conclude that ju;..t tu, for call cite, the theory of the plaue-wavo phase 

patching conCitiona i<= epplicaole to dianond» 
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I'o lutoneitv depondent ehnu^e in cone enclea was obcftrved st 

ir.cidciit l{;f.er poser densiticn from thrctihold up to 2.5 titicc thrcohold* 

Although f.r. intoneit^ depcncIeiiCe in the direction of maximum tmti-Ctokoo 

intcnjjitj' h«3 been predicted by Blocr.-bcrfm end then', the theoretical 

change in cone half-angle over thia range is ~ 2 x 10"5 rnc!i?nG, The 

neccucity of usin^ otron^ly convergent incident licht (convcreence angle 

0.02j) rad.) to cover thie intensity ranee, and the * "oauneoa of tho anti- 

Stokee rince» nnhe conpnrir.on v.ith thecry inconcluüivo. 

Tho cone anclce arc very eentiitivcly dependent on tho angle of 

convargenco of the incident laccr bears even at throßhold. A seriee of 

expericente teas carried out in which the Inaor radiation wao focuied by 

lentico of different focal lengthc and then incident on the diamond cryotal. 

Focal lengtha of 2.7, JO, 5.2, 9-8, 1?.'», 26.0, Jl.O and 50,0 CB were "Bed 

and, V.E  before, photogrnpho of tho firf-t- and cccond-ordcr anti-StokeH and 

of tho aecond-order Stokee "ringe" were obtained. The corrocponding ongloo 

are plotted against the reciprocal of the focal length in Fig. 6. A linear 

relutjon in evident for the antl-Stokes cone anglea «ith the angles in- 

creaeing as the focal length bacorsoe ohorter. Thus C^ tc 1/f, However, 

the aocond-order Sto'-ec cono angles aho-; a conplotolj' different dependence 

on focal length. The angle decreases sharply with shorter focal length.?, 

and appears to reach a limiting value of about0,065 radians. 

In another eerie« of experltionts the depcadence of the cone angles 

on tho aperture of the incident radiation «?aß invootigatsd. A lens with 

f « 5*15 en v/at: Uücd to focus the laser bcaia.  Apertures of 1.0, 1,6, 1.9, 

2.'», 2.8, and 5,6 n.-i dinmator were placed in turn at the centre of tho 

lens and photographs of the- rings were obtained. The results arc shovm 

i:. a grap!: of rnti-ritokvCi c >:ie angle verdua aperture dir.raotor in I^lg. ?, 
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The ryeulte dourly Indicete e linear releition Q^ <& d. 

ThePo tvo  6orioß of cKpsrimento ootnblir.h the rooult that the coco 

en^lco of anti-Stokos cciißcion depend on the cat'lc of convergence of the 

Incident exciting radlntir^, Pore precleoly, the change In ongle ic given 

by AnAÜ *  I'(n/f) where K is n conatant, a the aperture radiuo and f the 

focal length. The flret anti-Ctokeo cone angles ere therefore given by 

ÖAS B 0»053 ♦ K(a/f) where a/f defincB the cone angle of the periphery of 

the converging laser beam. Thia reeult iaplieo that the wave vector 

relatiouG of Eqt 1 are rotated by the angle K(a/f) as ohown in Fig. 8. 

The mmorical value of K la 0.9 ♦ 0.2. 

According to the theory of the etioulated Raean procesSjanti-Stokee 

radiation is generated by tcrcis of the form ^„fJ?^ where TC   le the 
u.   U   ß £ 

euscoptibility at «0 ♦ ör and S0 and Ee are the electric fields at te0 and 

«0 " wr* "h® gouerntion of nnti-Stokee radiation ic coupled to ftokes 

radiation and the direction of cisxiiaua intensity will depend on the 

direction of tsaxieua intensity of laser und Stokee radiation. Once these 

directions have been established, the anti-Gtokes cone angles can be 

detcrrslned froai the moöentunr. matching condition. 

All of our observations can be explained in this v?sy provided that 

first-order Stokes radiation is predominantly in the forward direction. 

This condition was satitficd in our esperiiSeat$ the diaaoad »as set with 

polichcd faces approxlffiately perpendicular to the beaa axis so that r.hen 

elt"' er parallel or convergent light -.Taa incident en the crystal, Stokca 

radlatiOw along tha beam axis v/as favour-.-d. Also, spurious scattering of 

Stokes radiation within the crystal cr at its surfaces ensured the presence 

of Stokes radiutloa at half-angleo of ~ 6° to ino forward direction. 

»hen laser and Stokes radiation interact to produce enti-Stokea 
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tciKöion, %h(\t  direction will be preftrfcd which rsakee ut>e of intcnso 

Ctckeis raüi;it,lo.'i cloesst to the resonator axin.  iVith a eonvorglng inci- 

dent boaci it in poseible to couple to Dtokoc closer to the axis and atill 

catiifj* the phaöo matching conditiona. Thiu rcuults in an increaee in 

Rßti-Stokca cmiissioa angle r/ith r./f,iip to the extreme case of anti-Ctokes 

eai.'inion nt 0,055 t O.OG^ radians (nee Table I) and Stokes radiation on 

axin.  Sxporimsnta wore performed to obcervo tlie behaviour cf the anti- 

Stokcu emiesioQ at valuea of a/f greater than O.OG'f (Fig. 9). Convergence 

angles of 0.091 and 0,112 vero uced.  In both cur.er. the ejBten vac cone- 

what "confuted" giving very broad emicolone, Pith a convergence angle of 

0,112 radianfc, two Baxiaa were preoent in the anti-Ctokeo eaiaaion» The 

eore Intense one corresponded to a cone angle of about 0,11 rad, (trith 

Stokec along the axin), and the weaker ring eorreapondeö to an angle of 

0,15 rad. (with Stokes slightly off axle and laßer radiation nt the 

periphery of the bean). 

"he dependence of the second-order Stokou cricsion angle- on con- 

vcrgonco of the Inijer beaa further illustrates th<- pref^ren.c« cf the 

higher-order nar;nii ctniesions to couple to Mtokeo close to tho s^io, Froa 

the wave vector diagra- in Fij:, 8, it ii» seen that, «ith iucreanrlng angle 

of the laser radiation, first-order Gtokeü radiation closer to the iO:in  in 

effective in producing eecond-ordor Gtokos ewiesion, :io::zV2?t  the cuinniou 

angle docroascs with increaeing angle cf convergence of lancr radiation. 

It appears to reach a liciUng value of about 0.0? rad (~ O.UG -  0.0^) 

With ^to!:f;D radiation on axis, This explainn the obu-rv^d behaviour 

shorn iu  Fig, C. 

It is alzo  evident fron the abuvt: explanation of the inportanc^ of 

bsan co-.vevg-ncc, that whan n uylindricu] leu;i (or a spherical lenn \:lth 
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a lont; ülit no r4>orturo) is uucö to focuu tho lauor beam, the "ring" 

pattorn will bo replaced \j  "ollipfcical" patterae, the minor axie being 

dütöiv.lued by the cylinder nxic (or V7idth of elit). Koreovcr maxima of 

intensity will occur at the extrcoitiea of the cajor cxie produced by 

converging light, r.ince the gain would be largeot for Gtohen radiation 

cloüt'ßt to the beari exic, "LlliptiCEl" pattcrnu cxhibitiug these features 

have been observed with calcitc and with Clj=t.'i 1 radiation in liquids'0. 

An exaaple of euch a jattern obtained by focuuing with a cylindrical lens 

in diauoßd ia shown in Viz*  10» 

Conclusion 

Xho preaeat inveatigation hsc coablned the study of the stimulated 

Racan effect in a solid f^ith the behaviour of a Raman oscillator. As in 

an earlier ctudy with liquid C^ and Kg» ^'iC stimulated Raman effect in 

dieriond in slcplificd by the abrence of self-focusing end ailmuXatcd 

Brtliouin acnttcrirg, "he experimental results iKte  consistent v-ith theory, 

i'hia study of the angula? properties of stimulated cciission cenfirss the 

earlier results obtained vith calcite, and extends our knosledge of the 

prcductica of Claoe I ra.'i:-tion is eclidc.*~> 

S> Aluo, in this study, the Vi;luc of the iw^an grin c'etei'^iiicd from 

the ncaaurcd cross-section tnci liattvidth of normal Katnaa scattering giv-,^ 

an otiCillation thrt:-hold which ir.  in rcrooaatle a^rct-. cat v-jth tl.c obHcrvcd 

value. 

i'/o are grateful to Dr. J, B. Grun for acsistacce with tl ^ intensity 

Keasureiients tnC  to ari. iu h. Ctcüca and F, iihj:.ii£u for valuable 

discussions. 
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Tab.e I 

CompariEon of theoretical and experimental values of the 

emission and absorption angles (in radians) observed in diamond 

Frequency 
Emission Angles    Absorption Angles 

Expt. Theory      Expt.  Theory 

(ü0-2«r 0.116 0.119 (0.0'f8)a 0.0^3 

«o + wr .055 .053        ,060 .06^ 

w0v2wr .103 .lO^t       (.079) .071 

Wo + 3wr «158 .152          .079 

Values in brackets are measurements of weak and broad 

absorption rings. 
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FiL-L'ro Captions 

Fie» 1    ."chcRntic (liagrBSi of apparatus for iatvasity CiOuKuruucntfi, 

Explaßstion of öyEibolBi    ? - attenuating filter,  D - dlaphracri, 

L - lena, M - epectrojsoter, TV. - photoaultipliar dotc-ctor. 

^1 Fiß, 3   Kear-ficld patteras of (a) lasor radiation In the dlaatond 

crjfBtal belov threshold  for stimulated Ssasft» or.ißcion,  and  (b) 

atiaülateä ötc!.os radiation. 

^ fig, 2   I^abry-Perot intcr.'cro^rou of Stokoe rtdiction shewing tt.o 

occillfttiui; Bodos licjarttcd by ~ C 3 cc"^.    Tiie inter-orüer 

cpaciti^r ir ~ 3 c:"1. 

Fig. h    Sxperiseatal cvrvp of Karan Stokes po^cr versus incident In^or 

pcuor. 

Fig, 5    Sfperisastal curve of norrrd Rssca eeätteritig pov;tr Vereas 

incident laser pe^or*     The- nnoM  ii.i:.ic;.t':-.i  tj;c cr.n i of 

o^eillation. 

Fit;. 6    Craphr of eaissiöa esflea obaerved for  firet» end aecond-ord^r 

Miti-Ctokc^  (/.^ : .' :rJ?) and Jor second-order Stokes (3..) 

mdii.tica co a fynetion of iuverac focal lengths of leaaet. 

VLLCU to focii;; Ir^or radiation. 

Fig. 7    Grnph of firöt-erder anti-StokeE  cEiBeiori ßngle äc a function 

of liKitlng aperture diaceter of con-zerfilng laser bsas. 



- 20 - 

Fijj. 8      Mägrase of ehaßges In (u) flrßt-orüor nntl-3tokcs cnlncicn 

an^lo,  «nd  (b) cecond-order Stckee emission unglo,  with chnnj-e 

in direction of fifst-aröev .'ito!;cH vnvi vector l^j. 

Fie«  5      Grnph of first-orier anti-Ctokes eriicfiiort «nclo no n  function 

of converc-Mico nn^lc of incident Ir.cor been. 

Fi*;. 10    "lli>jticr.l nntl-stokro radiatloa pattern obtained by focusins 

lofiur benpj Pith n cylindrical lone. 



Q. 

4    o 
_» . i •——™'||<cs.— 

\ 

->• _j 

K 
o 

J^i-'V 

^ 

I ^ 
8 
Q    VJ 

Is 

3OA A 



0.5       1.0        1.5        2.0 
LASER  POWER (MW) 

2.5 



CM 

1 
o o 1 1 X 

8 
{/"AW)   ti3tA0d 

o 

Sa>!01S 

^ 

oo Q: 
'  UJ 

o 
Q. 

CD a: 
ÜJ 

< 

o 
a 

CM 

u 
^ 

H 



0.14 

0.12 

0.10 

•o 0.08f 
o 

0.06 
ÜJ 

t 

CD 

-J> o2rO 
^ 

0.12 

Lü 

8 o.io 

0.08 

0.06 

0 
J L 

AS i    ^8' 

-8' 

J I L J I I L 

0.10 
J I        I        I 

0.20 0.30 

^f (cm"1) 

0.40 

4   '**'>',   .    , 



0 1.0 2.C 3.0 
APERTURE   DIAMETER (mm) 

r:> 



= a/f 

(a) 

(b) 



UJ 

LÜ 

< 

V 

3idm  moo 'sv 



tor *epRi 
OOn C'BL 

1 

CYLINDRICAL 
LENS 
AXIS 

A » § - 



Kigh-Speed Spectroscopy Using the 

Inverse Raman Effect. 

R.A. McLaren  and B.P. Stolcheff 
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T ronto 131, Canada 

'RACT 

A method of obtaining inverse Raman spectra over the range 

of frequency shifts *J 300 to 3500 cm~  in liquids and solids in 

i time of ^/ 40 nsec is described.  The stimulating monochromatic 

radiation at 6940 X is provided by a giant-pulse ruby laser; 

the background continuum is the short-lived spontaneous fluores- 

cence of rhodamine B or 6C excited by second-harmonic radiation 

(3470 X) produced in KDP from a small part of the main laser 

beam, thus ensuring simultaneous irradiation of the sample by 

both beams. 
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1. 

When a molecular medium is irradiated simultaneously by in- 

tense monochromatic light at frequency v , and by a continuum of 

higher frequencies, absorption occurs from the continuum at 

frequencies vL + v  where v  is a Raman frequency of the medium. 

This phenomenon, known as the inverse Raman effect has been re- 

1-4 
ported by a number of authors   ; but its usefulness has been 

severely limited by the lack of a suitable source of continuum. 

In. order to observe this effect, a high electric field at fre- 

quency v. is required, such as that produced by a giant-pulse ruby 

laser.  In addition, the continuum and the laser pulse must be co- 

incident as they pass through the scattering medium; and, for 

photographic detection, the continuum must last no longer than the 

laser pulse.  A good continuum must be broad enough to cover a 

wide range of Raman frequencies v , and sufficiently intense to be 

detectable despite ^.ts short duration. 

Previous authors have used broad stimulated anti-Stokes Raman 

12 3 A 
emission ' '  and sparks  as continuum sources, but neither ot 

these has proved completely satisfactory.  This Letter reports 

the u^e  of two fluorescing organic dyes, rhodamlne 6G (2.0 x 10   M 
-3 

in methanol) and rhodamine B (2.0 x 10   M in ethanol) as continuum 

sources.  Both of these dyes absorb very strongly at 3470 A, the 

second harmonic of the ruby laser emission, and both have intense 

fluorescence bands extending from»-*' 5600 Ä to r^ 6800  A.  This is 

sufficient spectral breadth to cover Raman shifts from 300 cm   to 

3500 cm   when the stimulating radiation is the ruby laser emission 

at 6940 A.  The fluorescence lifetime of rhodamine 6G has 

reported as 5.5 nsec , sufficiently short to provide good 

occn 
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coincidence with the laser pulse. 

The experimental arrangement is shown in Fig. 1. A ruby 

laser Q-switched by a rotating prism produced the stimulating 

radiation at v  in a single pulse with full-width at half- 
Lt 

maximum of *>  AO nsec and with energy equal to ^/ 0.30 joules. 

Approximately 3% of the laser emission was converted to 2vL in a 

crystal of phase-matched KDP.  Radiation at vL and 2vL was then 

separated into two beams by a glass prism.  The 3470 A radiation 

was incident upon a 1 mm thickness of dye solution contained in a 

glass cell.  The resulting normal fluorescence continuum along 

with the laser beam vT was then trapped by total internal reflec- 

tion in a glass capillary cell containing the scattering liquid. 

This ensured spatial coincidence between the stimulating radiation 

and the continuum.  The capillary cell had inner and outer dia- 

meters of 2.4 mm and 4.0 mm respectively, and was 15 cm long; the 

electric field inside the capillary was estimated to be 

«1.2 x 105 V/cm.  The exit end of the cell was imaged on the slit 

of a grating spectrograph having a dispersion of 10 A/mm.  Spectra 

were recorded on Kodak IF photographic plates and on Polaroid 

film.  With a slit width of 100 p, the intensity of the back- 

ground continuum at larger frequency shifts was sufficient to 

record spectra in a single laser pulse; however in the region of 

smaller frequency shifts (i.e. longer wavelengths) several pulses 

were required to accumulate sufficient continuum Intensity. 

Inverse Raman spectra of diamond and of liquid benzene and 

toluene have been photographed uslnj» the above technique and are 

shown in Figs. 2 and 3.  In Fig. 2a is   shown the spectrum of the 
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continuum alone after passing through a 15 cm path length of 

benzene; in Fig. 2b is shown the spectrum obta^rted when both 

monochrojitatic and continuum beams traverse the benzene sample. 

It should be no'ed that several weak vibrational bands are 

readily observed, in addition to the intense "C-H stretching" 

band (which Is the only one observed in this region in stimulated 

Raman emission).  Since the same matrix elements of the polariz- 

ability are involved in the inverse Raman effect as in normal 

Raman emiscion, the same selection rules relating to the state of 

polarization of the incident and scattered radiation apply.  This 

Is demonstrated qualitatively in Fig. 2c which shows the effect 

of various states of polarization of the monochromatic and con- 

tinuum radiation on the appearance of the. strongly polarized 

line at J062 cm   and its depolarized neighbour at 3047 cm  .  The 

laser emission v. was plane polarized.  In the upper spectrum the 

continuum was unpolarized; the 3062 cm   absorption line is strong 

while the 3047 cm"  line slightly to the right of it is extremely 

weak.  In the middle spectrum, the continuum has been polarized 

perpendicular to the laser polarization; the 3062 cm   absorption 

is much weaker appearing equal to that at 3047 cm  .  In the bot- 

tom spectrum the continuum has been polarized parallel to the 

laser polarization; only the 3062 cm"  line appears.  In Fig. 3 

are shown the spectra of benzene and toluene in the region of 

the "C-C stretching" bands, and In addition the sharp band at 

1332 cm   of diamond obtained from a cross-sectional area of 

-2   2 
^5 x 10   cm  of a crystal 2.4 mm thick. 

The uue of fluorescing organic dyes as sources of contimmm 



4. 

has made it possible to photograph Raman spectra covering a wide 

range of molecular frequencies in a time of 40 nsec.  Such 

spectra may be useful in the study of short-lived molecular 

species and of transient phenomena, including for example, Stark 

and Zeeman effects in pulsed electric and magnetic fields.  It 

should be possible to reduce the time to the subnanosecond range 

and perhaps to ^30 psec (and st.ll obtain a resolution of 

^1 cm"1) by using mode-locked lasers to produce the stimulating 

radiation.  This would, of course, necessitate an equally shor-- 

duratior continuum of high intensity, perhaps produced by a 

mode-locked dye laser. 
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In preliminary attempts to.produce inverse Raman spectra the 

beams were not separated and both beams were incident 

on the dye cell.  However, the presence in the dye cell 

of the intense field at v  greatly reduced the intensity 

of the normal fluorescence making this simple geometry 

impractical.  The mechanism responsible for this effect 

is not understood. 
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FIGURE CAPTIONS 

Flg. 1.   A schematic diagram of the apparatus. 

Fig. 2.   Inverse Raman spectrum of liquid benzene In the region 

of the C-H stretching vibration. 

(a)  continuum after traversing a 15 cm length 

of benzene, (b) spectrum obtained when mono- 

chromatic beam at v  and continuum traverse the 

liquid, (c) spectra obtained when continuum is 

unpolarlzed (upper), polarized perpendicular to 

laser beam (middle) and polarized parallel to 

laser beam (lewer). 

Fig. 3. Inverse Raman snectra of diamond, and liquid toluene 

and benzene in the region of the C-C stretching 

vibrations. 
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